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ABSTRACT 
Over the last few decades, homogeneous molybdenum catalysis has been a center of 
interest to inorganic, organic, and organometallic chemists. Interestingly, most of the 
important advancements in molybdenum chemistry such as non-classical dihydrogen 
coordination, dinitrogen reduction, olefin metathesis, and water reduction utilize diverse 
oxidation states of the metal. However, employment of redox non-innocent ligands to tune 
the stability and reactivity of such catalysts have been overlooked. With this in mind, the 
Trovitch group has developed a series of novel bis(imino)pyridine (or pyridine diimine, 
PDI) and diimine (DI) ligands that have coordinating phosphine or amine arms to exert 
coordination flexibility to the designed complexes. The research described in this 
dissertation is focused on the development of molybdenum catalysts that are supported by 
PDI and DI chelates and their application in small molecule activation. 
Using the phosphine containing PDI chelate, Ph2PPrPDI, several low-valent molybdenum 
complexes have been synthesized and characterized. While the zerovalent monocarbonyl 
complex, (Ph2PPrPDI)MoCO, catalyzes the reduction of aldehyde C=O bonds, the C-H 
activated Mo(II) complex, (6-P,N,N,N,C,P-Ph2PPrPDI)MoH was found to be the first well-
defined molybdenum catalyst for reducing carbon dioxide to methanol. Along with low- 
oxidation state compounds, a Mo(IV) complex, [(Ph2PPrPDI)MoO][PF6]2 was also 
synthesized and utilized in electrocatalytic hydrogen production from neutral water. 
Moreover, with the proper choice of reductant, an uncommon Mo(I) oxidation state was 
stabilized and characterized by electron paramagnetic resonance spectroscopy and single 
crystal X-ray diffraction. 
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While the synthesized (PDI)Mo complexes unveiled versatile reduction chemistry, varying 
the ligand backbone to DI uncovered completely different reactivity when bound to 
molybdenum. Unlike PDI, no chelate-arm C-H activation was observed with the propyl 
phosphine DI, Ph2PPrDI; instead, a bis(dinitrogen) Mo(0) complex, (Ph2PPrDI)Mo(N2)2 was 
isolated. Surprisingly, this complex was found to convert carbon dioxide into dioxygen and 
carbon monoxide under ambient conditions through a novel tail-to-tail CO2 reductive 
coupling pathway. Detailed experimental and theoretical studies are underway to gain 
further information about the possible mechanism of Mo mediated direct conversion of 
CO2 to O2. 
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SUMMARY 
Selective and efficient utilization of small molecules has been a center of interest in the 
fields of catalysis, renewable energy production, pharmaceuticals, and the polymer 
industry. While precious metals have shown superior efficacy in terms of activity, 
selectivity, and longevity, their high cost and toxicity have opened up a new search for 
inexpensive and less-toxic homogeneous metal catalysts.1 Although many researchers are 
focused on developing earth-abundant, first-row metal catalysts, due to complex one-
electron processes and air-sensitivity, efficient and robust homogeneous catalysts have yet 
to be introduced in the industrial market.2 Molybdenum, despite being a second row 
transition metal, is non-toxic, relatively abundant in the earth’s crust (1.2 mg/kg),3 and the 
only second-row metal that is widely utilized in biological systems.4 Hence, for my 
graduate research, I hypothesized that properly tuned molybdenum catalysts could serve as 
sustainable alternatives to precious metals for small molecule activation. Although, 
homogeneous molybdenum catalysis has developed over the last few decades, extensive 
success has been limited to R. R. Schrock’s metathesis catalysts (Nobel Prize, 2005).5 
Efforts have been made to activate dinitrogen (N2) to generate ammonia using various low-
valent molybdenum catalysts,6 however, utilization of molybdenum to activate carbon 
dioxide (CO2)
7 and water (H2O)
8 to produce renewable fuels, such as formate, methanol, 
carbon monoxide or hydrogen has been scarce. To help meet these goals, my colleagues 
and I have developed a series of pendant amine- and phosphine-substituted bis(imino) 
pyridine or pyridine diimine (PDI)9 and diimine (DI)10 ligands which are capable of 
stabilizing a wide-number of transition metals, mainly low-electron count, early transition 
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metals beyond their traditional 3-coordination motifs in different oxidation states relevant 
to catalysis. With a set of novel ligands in hand, I have devoted my Ph.D. work to the 
design, synthesis, characterization, and application of homogeneous molybdenum catalysts 
for organic transformations and the utilization of earth-abundant small molecules, such as 
CO2, N2, and H2O to make useful chemical commodities and renewable fuels as shown in 
Fig. 1. 
 
Figure 1. Summary of Mo-mediated transformations discovered in this dissertation. 
C=O Bond Reduction 
Reduction of C=O and C=C bonds by silanes is an interesting approach to produce a 
range of silicone polymers useful for the adhesive and coating industries.11 Most of the 
industrial-scale hydrosilylation processes are dependent on platinum based catalysts, such 
as Karstedt’s catalyst and Speier’s catalysts. In the hope of developing inexpensive and 
sustainable alternatives, Berke and coworkers have recently showed that 
[(DPEphos)Mo(NO)(NCMe)3][BArF
4] can catalyze the hydrosilylation of aldehydes and 
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ketones at 120 °C with turn over frequencies (TOF) of up to 4864 and 32000 h-1, 
respectively.12 Inspired by this, we decided to design a set of low-valent molybdenum 
catalysts supported by penta-coordinated PDI ligands which can hydrosilylate unsaturated 
organics at milder conditions. Refluxing a pyridine substituted PDI, PyEtPDI, and Mo(CO)6 
resulted in formation of the bis(ligand) complex, (PyEtPDI)2Mo (1). Using a three-carbon 
chain phosphine PDI, Ph2PPrPDI, allowed for the isolation of (Ph2PPrPDI)Mo(CO) (2). Both 
compounds were characterized by multinuclear NMR, IR, UV-Vis, and single crystal X-
ray diffraction. Although the imine bond distances obtained from solid-state structures of 
1 and 2 support PDI ligand reduction, a density functional theory (DFT) calculation on 1 
revealed that the complex possesses a zero-valent metal center, Mo(0) that engages in 
significant backbonding with each PyEtPDI ligand. Interestingly, both 1 and 2 act as active 
precatalysts for the hydrosilylation of aldehydes with comparable activity. Varying the 
silane reductant was found to dramatically impact the rate of aldehyde hydrosilylation. 
Using 2 as the precatalyst, a range of silanes have been screened and it was found that 
phenylsilane is the most effective in reducing a wide number of aromatic and aliphatic 
aldehydes with turnover frequencies (TOF) ranging from 173-330 h-1 at 90 °C (61-93% 
isolated yield of the corresponding alcohols). While controlled addition of phenylsilane did 
not result in modification of the catalyst, addition of benzaldehyde to 2 showed C=O 
coordination with concomitant phosphine arm dissociation. Then catalytic Si−H oxidative 
addition followed by substrate insertion and reductive elimination produced the 
corresponding silyl ethers.13 
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C-H Activation & CO2 Functionalization 
A growing awareness of global climate change and increasing atmospheric CO2 
concentrations has propelled the search for alternative CO2 utilization technologies.
14 Since 
2 catalyzes C=O bond hydrosilylation, we sought to extend the utility of Ph2PPrPDI 
supported Mo chemistry to the reduction of CO2 into methanol, which is an important 
commodity chemical and fuel. Although 2 catalyzes hydrosilylation of aldehydes, due to 
the presence of the strong -accepting carbonyl ligand at the primary coordination sphere, 
it is reluctant towards the reduction of CO2. Attempts to remove the CO ligand thermally 
were unsuccessful because of strong metal-to-ligand -backbonding. However, oxidation 
of the Mo(0) center by adding stoichiometric I2, resulted a seven coordinate Mo(II) 
complex, [(Ph2PPrPDI)Mo(CO)I][I] (3) with a diminished degree of backdonation. When 
heated at 100 °C, CO dissociation results in a six coordinate molybdenum diiodide 
complex, [(Ph2PPrPDI)MoI][I] (4) which was characterized by multinuclear NMR, UV-Vis, 
cyclic voltammetry, and single crystal X-ray diffraction. 
Interestingly, reduction of 4 in the presence of excess K-Hg allowed for the isolation of 
a seven-coordinate Mo(II) hydride complex, (6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) 
following C-H activation of one -methylene PDI imine substituent. The unusual 
coordination arrangement of 5 was confirmed by multinuclear NMR and single crystal X-
ray diffraction. The geometry about molybdenum can best be described as distorted 
pentagonal bipyramidal with a three-membered metallacycle having an exceptionally short 
N(1)-Mo(1)-C(10) angle of 38°. Interestingly, instantaneous insertion into the Mo-H bond 
was observed when 5 was exposed to CO2 yielding the corresponding formate complex, 
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(6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCHO) (6). Inspired by the ability of 5 to reduce CO2 into 
formate, we sought to further reduce the bound formate moiety by using a sacrificial 
hydrogen source, pinacolborane (HBpin). When CO2 was limiting, its quantitative 
conversion to CH3OBpin and (Bpin)2O was observed along with regeneration of 5 by 
1H 
and 31P NMR over the course of 2 d at 60 °C. After addition of 1 atm of CO2 to a J Young 
NMR tube containing a C6D6 solution of 100 equivalents HBpin relative to 5 at -70 °C, the 
reaction was heated to 90 °C and monitored by 1H NMR. Within 2 h, near complete 
consumption of HBpin was observed with the formation of CH3OBpin, CH2(OBpin)2, and 
(Bpin)2O in a 1:2:2 ratio. After 5 h of heating, a 1:1 mixture of CH3OBpin and (Bin)2O 
was observed, indicating complete conversion of CO2 to a methanol equivalent via the 
methylene intermediate, CH2(OBpin)2. This reaction was optimized such that 0.1 mol% of 
5 was used in the absence of solvent at 90 °C, allowing a methoxide formation TOF of 40.4 
h−1 (B−H utilization TOF = 121.2 h−1). Hydrolyzing the reaction mixture with water 
followed by short-path distillation allowed for the isolation of methanol. Finally, the 
mechanism of 5-mediated CO2 hydroboration has been proposed to proceed through a 
series of insertion and σ-bond metathesis. This advance is noteworthy because 5 is the first 
well-defined molybdenum hydroboration catalyst that is capable of converting CO2 to 
methanol.15 
Uncommon Mo(I) Oxidation State 
Along with stabilizing unusual geometries, the Ph2PPrPDI chelate was also found to 
stabilize an uncommon oxidation state of molybdenum. While the common oxidation states 
of molybdenum are 0, +2, +3, +4, +5, and +6, there are only few examples of well-defined 
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Mo(+1) complexes in the literature.3 One thoroughly characterized example is the dimeric 
[(Cp)Mo(CO)3]2 reported by Wilson.
16 Wieghardt and co-workers reported the synthesis 
and solid state structure of [(Bn3tacn)Mo(CO)3][PF6] (Bn3tacn = 1,4,7-tribenzyl-1,4,7-
triazacyclononane) with persistent monovalent molybdenum center.17 Recently, Chirik and 
coworkers have reported a terpyridine ligand supported Mo(I) complex, 
(PhTpy)(PPh2Me)2MoCl with distorted ligand distances due to π-backbonding rather than 
chelate reduction.18 Interestingly, when an acetonitrile solution of 4 was analyzed by cyclic 
voltammetry, a reversible wave at -1.20 V vs. Fc+/0, corresponding to the MoII/I redox 
couple was observed. Attempts to isolate the one-electron reduced product of 4 using 
stoichiometric K/naphthalene resulted in ligand deprotonation rather than reduction to 
yield a Mo(II) monoiodide complex, (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7) which is 
isostructural to 5. However, successful isolation of the inner-sphere Mo(I) monoiodide 
complex, (Ph2PPrPDI)MoI (8) was achieved via reduction of 4 with equimolar 
Na/naphthalene. This complex was found to be NMR silent and have a near octahedral 
geometry by single crystal X-ray diffraction. Electron paramagnetic resonance (EPR) 
spectroscopy of 8 revealed an unpaired Mo-based electron which is delocalized onto two 
adjacent imine bonds. Efforts to prepare a Mo(I) monohydride complex upon adding 
NaEt3BH to 8 resulted in disproportionation to yield a 1:1 mixture of 5 and newly identified 
(Ph2PPrPDI)MoH2 (9) which showed a minimum hydride resonance T1 value of 176 ms at -
20 °C, suggesting that the Mo-bound H atoms are best described as classical hydrides. 
Along with the independent synthesis of 9, facile interconversion of 4, 5, 7, 8, and 9 has 
been demonstrated.19 
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Water-splitting 
Along with methanol, hydrogen gas is also a fuel of interest because it is a zero-
emmision, carbon-neutral, and high-energy density molecule. Although hydrogen 
evolution is a well-established field of research, most of the Ni/C electrodes are operable 
only in basic conditions, while traditional Pt catalysts are not cost-effective.20 Recently, 
Long and Chang group have shown that a high-valent molybdenum oxo electrocatalyst, 
[(Py5Me2)MoO][PF6]2 can produce hydrogen from neutral water with TOF = 2.3 s
-1, albeit 
at an overpotential of 1.0 V.8 Inspired by this, I have designed a homogeneous Mo(IV) oxo 
electrocatalyst, [(Ph2PPrPDI)MoO][PF6]2 (10) which is capable of generating hydrogen from 
water with TOF as high as 55 s-1. Heating an acetonitrile solution of 4 and styrene oxide at 
60 °C in the presence of two equivalents AgPF6 allowed for the isolation of 10, which was 
characterized by multi-nuclear NMR, UV-Vis, IR, electrochemistry, and single crystal X-
ray diffraction. Analysis of 10 by cyclic voltammetry displayed two reversible transitions 
at -0.70 V and -1.26 V vs Fc+/0, corresponding to the MoIV/III and MoIII/II redox couples, 
respectively. Two irreversible redox events corresponding to MoII/I and MoI/0 were also 
observed at -1.53 and -1.95 V vs Fc+/0, respectively. This complex acts as an efficient 
electrocatalyst for the production of H2 from neutral water with 96% faradaic efficiency at 
an overpotential of 1.65-1.70 V and a rate constant of as high as 55 s-1. While two electron 
reduction of 10 afforded the key intermediate (
Ph2PPrPDI)MoO (11), adding a stoichiometric 
amount of water to the C-H activated compound, 5 resulted in H2 elimination along with 
the formation of 11. A distorted octahedral geometry of 11 was confirmed by single-crystal 
X-ray diffraction. The possibility of ligand C-H activation during the electrocatalytic cycle 
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has been eliminated by controlled potential electrolysis using D2O. Analysis of the post-
electrolysis catalyst by 31P and 2H NMR spectroscopy showed the presence of 10 without 
incorporation of deuterium into the ligand arm. Furthermore, adding 4 atm of H2 to a C6D6 
solution of 11 allowed for the observation of a new symmetric compound, 
(Ph2PPrPDI)Mo(H2O) (12), which under vacuum, regenerates 11 followed by H2 
elimination. Based on the experimental evidences, a possible mechanism for 11 catalyzed 
electrochemical reduction of the H2O to H2 has been proposed to undergo by two 
consecutive proton-coupled single electron transfer (PCET) processes to yield 12, which 
followed by O-H oxidative addition and 1,2-elimination of H2, regenerates the active 
catalyst, 11.21 
Direct Conversion of CO2 to O2 
While the donor substituted PDI ligands exhibited a number of unique and interesting 
features when bound to molybdenum as discussed above, changing the ligand-backbone 
from PDI to DI produced completely different reactivity. Unlike the PDI chelates, these DI 
ligands are tetradentate and have two open coordination sites, instead of one, when bound 
to molybdenum which allow for performing reductive coupling of substrates. Heating an 
equimolar solution of (CO)3MoI2(NCMe)2 and 
Ph2PPrDI to 110 °C allowed for the isolation 
of a green paramagnetic compound, (Ph2PPrDI)MoI2 (13). Interestingly, unlike PDI, no arm 
C-H activation has been observed when 13 was reduced by excess K/Hg; instead, a red, 
diamagnetic bis(dinitrogen) complex, (Ph2PPrDI)Mo(N2)2 (14) was isolated that exhibits two 
IR stretches at 1895 and 1980 cm-1 corresponding to the symmetric and asymmetric 
vibrations of two weakly activated cis-dinitrogen ligands. Surprisingly, when 1 atm of CO2 
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was added to a C6D6 solution of 14, clean conversion to a new compound, 
(Ph2PPrDI)Mo(CO)2 (15) was observed by multinuclear NMR and IR spectroscopy. Head-
space analysis of the NMR tube by GC revealed formation of dioxygen (O2). Detail 
experimental and theoretical investigations are underway to elucidate the possible 
mechanistic pathway for this transformation. 
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CHAPTER 1 
PREPARATION AND HYDROSILYLATION ACTIVITY OF A MOLYBDENUM 
CARBONYL COMPLEX FEATURING A PENTADENTATE BIS(IMINO)PYRIDINE 
LIGAND 
1.1. Abstract 
Attempts to prepare low-valent molybdenum complexes that feature a pentadentate 2,6-
bis(imino)pyridine (or pyridine diimine, PDI) chelate allowed for the isolation of two 
different products. Refluxing Mo(CO)6 with the pyridine-substituted PDI ligand, 
PyEtPDI, 
resulted in carbonyl ligand substitution and formation of the respective bis(ligand) 
compound, (PyEtPDI)2Mo (1). This complex was investigated by single crystal X-ray 
diffraction and density functional theory (DFT) calculations indicated that 1 possesses a 
Mo(0) center that backbonds into the π*-orbitals of the unreduced PDI ligands. Heating an 
equimolar solution of Mo(CO)6 and the phosphine-substituted PDI ligand, 
Ph2PPrPDI, to 120 
°C allowed for the preparation of (Ph2PPrPDI)Mo(CO) (2), which is supported by a κ5-
N,N,N,P,P-Ph2PPrPDI chelate. Notably, this complex has been found to catalyze the 
hydrosilylation of aldehydes with turnover frequencies (TOFs) of up to 330 h-1 at 90 °C. 
Considering additional experimental observations, the potential mechanism of 2-mediated 
carbonyl hydrosilylation is discussed. 
 
 
 
Reprinted with the permission from Pal, R.; Groy, T. L.; Bowman, A. C.; Trovitch, R. J. 
Inorganic Chemistry 2014, 53, 9357-9365. Copyright 2014 American Chemical Society. 
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1.2. Introduction1a  
Homogeneous transition metal complexes capable of mediating the efficient and 
selective reduction of C=C and C=O bonds have long been sought and studied by 
coordination chemists.1b While hydrogenation catalysts have become vastly utilized for the 
synthesis of pharmaceuticals and other fine chemicals,2 hydrosilylation catalysts have 
enabled the production of a wide range of silicone coatings, paints, and adhesives.3 Most 
industrial-scale hydrosilylation processes rely on precious metal catalysts due to their 
activity and stability;4 however, such catalysts are not always desirable because of their 
high cost and inherent toxicity.5 These characteristics have inspired the search for non-
precious metal hydrosilylation catalysts that operate with competitive activities, 
selectivities, and catalyst lifetimes.6 This motivation has led researchers to develop 
numerous inexpensive and sustainable Mn,7 Fe,8 Co,9 and Ni10 hydrosilylation catalysts. 
While the focus on late first-row transition metal hydrosilylation catalysis continues to 
intensify,11 the investigation of homogenous Mo-based reduction catalysis has remained 
relatively overlooked, even though this metal is non-toxic12 and relatively abundant in the 
earth’s crust (1.2 mg/kg).13 Well-defined Mo complexes that mediate the hydrogenation of 
C=C14,15 and C=O bonds16,17 have been studied; however, the activity of these catalysts has 
remained limited to <50 h-1 at 100 °C, which was reported for Mo(CO)3(NCMe)(PPh3)2-
mediated olefin hydrogenation.15 Mo-based alkene hydrosilylation catalysts have also been 
described;14,18 however, coordination chemists have been far more successful in 
developing robust and highly active Mo catalysts that mediate C=O bond hydrosilylation. 
In 2003, Dioumaev and Bullock reported that [CpMo(CO)2(IMes)][B(C6F5)4] is active for 
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the hydrosilylation of 3-pentanone at 23 °C; however, the initial TOF of 10 h-1 recorded 
for this transformation was inferior to the TOFs observed for the tungsten congener of this 
complex (370 h-1).19 Research conducted by the Royo20 and Abu-Omar21 groups has 
demonstrated that Mo(IV) dioxo complexes can catalyze the hydrosilylation of aldehydes 
and ketones with TOFs of up to 80 h-1 at 25 °C.20b Similar TOFs for the hydrosilylation of 
aldehydes using several related Mo(IV) imido complexes have since been reported by the 
Nikonov group.22 Mo(0) hydrosilylation catalysts have also been described23 and Berke 
and co-workers recently revealed that [(DPEphos)Mo(NO)(NCMe)3][BAr
F
4] can mediate 
the hydrosilylation of aldehydes with TOFs of up to 4,864 h-1 and the hydrosilylation of 
ketones with initial TOFs of up to 32,000 h-1 at 120 °C.24  
With this precedent in mind, we hypothesized that it might be possible to design a low-
valent Mo hydrosilylation catalyst that is bound to a single donor-substituted PDI ligand, 
rather than the set of bidentate and monodentate ligands that comprise 
[(DPEphos)Mo(NO)(NCMe)3][BAr
F
4]. Our group has utilized this methodology
25 to 
prepare a formally zerovalent Mn complex, (Ph2PPrPDI)Mn,7i that catalyzes ketone 
hydrosilylation with TOFs of up 76,800 h-1 at ambient temperature. Herein, we describe 
our efforts to prepare Mo complexes that feature a pentadentate PDI ligands, as well as the 
hydrosilylation activity of one such complex.  
1.3. Results and Discussion1a 
This project commenced with the synthesis of 2,6-bis[1-(2-
ethylpyridylimino)ethyl]pyridine (PyEtPDI), which we hoped would coordinate to low-
valent Mo in a κ5-N,N,N,N,N-fashion. Although (PyEtPDI) had previously been prepared in 
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low yield (24.6%) by heating a benzene solution of 2,6-diacetylpyridine and 2-
aminoethylpyridine,26 it was discovered that yields of up to 96% could be obtained upon 
heating a toluene solution of these starting materials, a catalytic amount of p-toluene 
sulfonic acid, and 4 Å molecular sieves in a thick-walled glass bomb to 80 °C. With PyEtPDI 
in hand, a stoichiometric amount of this ligand was added to a m-xylene solution of 
Mo(CO)6 and heating to 130 °C for 2 days produced a brown colored solution that offered 
evidence for PyEtPDI metallation by 1H NMR spectroscopy. Because appreciable amounts 
of the newly formed product could not be isolated from this reaction, the stoichiometry was 
modified such that 2 equivalents of PyEtPDI were added per Mo(CO)6 equivalent. This 
adjustment allowed the isolation and full characterization of the respective bis(ligand) 
compound, (PyEtPDI)2Mo (Fig. 1.1, 1). Alternatively, this complex has been prepared by 
reducing (py)3MoCl3
27 with excess Na amalgam in the presence of 2 equivalents of PyEtPDI.  
 
Figure 1.1. Synthetic scheme of (PyEtPDI)2Mo (1). 
To confirm the identity of 1, single crystals of this complex were grown from a 
concentrated pentane solution at -35 °C and further analyzed by X-ray diffraction. The 
solid state structure of 1 (Fig. 1.2) confirmed that each PyEtPDI chelate is coordinated to the 
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metal center in a terdentate fashion and that the overall geometry about Mo is best 
described as distorted octahedral, with N(2)-Mo(1)-N(2A) and N(1)-Mo(1)-N(3) angles of 
179.7(2) and 147.55(15)°, respectively. Although several reports have demonstrated the 
coordination of bis(imino)pyridine chelates to Mo,28 only one other complex featuring κ3-
N,N,N-PDI ligation has been crystallographically characterized to date, (Et2ArPDI)MoCl3.
29 
This complex was found to have chelate bond distances that are consistent with minimal 
backbonding from the Mo(III) center to the π* orbitals of Et2ArPDI (Nimine-Cimine = 1.24(2), 
1.31(2) Å; Cimine-Cpyridine = 1.49(3), 1.51(3) Å). In contrast, the bond distances established 
for the bis(imino)pyridine framework of 1 (Table 1.1) indicate that a significant amount of 
electron density is being transferred from the metal center to the π-system of each chelate, 
as might be expected for a formally zerovalent Mo complex. This is most apparent when 
considering the elongated N(1)-C(2) and N(3)-C(8) distances of 1.335(6) and 1.351(6) Å, 
as well as the contracted C(2)-C(3) and C(7)-C(8) distances of 1.419(7) and 1.420(7) Å, 
determined for 1.  
 
Figure 1.2. The solid state structure of 1 shown at 30% probability ellipsoids. Hydrogen 
atoms and co-crystallized pentane molecule are omitted for clarity.  
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Table 1.1. Experimental and calculated (RKS and RKS/COSMO) bond lengths (Å) and 
angles (°) for 1. 
     1 RKS RKS/COSMO 
Mo(1)-N(1) 2.078(4) 2.115        2.093 
Mo(1)-N(2) 2.026(4) 2.040        2.038 
Mo(1)-N(3) 2.074(4) 2.113        2.086 
N(1)-C(2) 1.335(6) 1.340        1.337 
N(3)-C(8) 1.351(6) 1.341        1.340 
C(2)-C(3) 1.419(7) 1.423        1.421 
C(7)-C(8) 1.420(7) 1.423        1.420 
N(2)-C(3) 1.407(6) 1.400        1.402 
N(2)-C(7) 1.405(6) 1.400        1.403 
    
N(1)-Mo(1)-N(1A)  86.8(2) 87.34         91.11 
N(1)-Mo(1)-N(3) 147.55(15) 147.44        147.26 
N(1)-Mo(1)-N(3A)  102.09(15) 101.58         97.16 
N(2)-Mo(1)-N(2A) 179.7(2) 179.71        176.40 
Since the redox non-innocent nature of bis(imino)pyridine ligands has been widely 
publicized,30-32 one must consider whether 1 is best described as having a Mo(0) center that 
simply backbonds into the π-system of each PyEtPDI ligand or as having an oxidized Mo 
center that is supported by radical monoanion or dianionic chelates. Although the bond 
distances determined for 1 might suggest that each chelate is reduced by at least one 
electron (one electron reduction: Cimine-Nimine = 1.32 Å, Cimine-Cpyridine = 1.44 Å; two 
electron reduction: Cimine-Nimine = 1.36 Å, Cimine-Cpyridine = 1.40 Å),
31 recent work to 
determine the electronic structure of related (Me3ArDI)2Mo(CO)2 (DI = α-diimine) 
complexes has revealed that they possess Mo(0) metal centers, even though the DI 
structural parameters are consistent with single electron reduction.33 To further investigate 
the electronic structure of 1, density functional theory (DFT) calculations were performed 
at the B3LYP level of theory. The bond distances and angles found within the restricted 
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Kohn-Sham (RKS, closed shell) and RKS with applied Conductor-like Screening Model 
(RKS/COSMO, accounts for solvent effects) solutions for 1 (Table 1.1) are consistent with 
the experimentally determined values. The Mo-based HOMO, HOMO-1 and HOMO-2 
orbitals (Fig. 1.3) are highly covalent and indicate significant metal to ligand backbonding. 
Furthermore, attempts to calculate the open shell singlet (unrestricted Kohn-Sham, UKS 
with S = 0) converged to the closed-shell solution, while the open shell triplet (UKS with 
S = 1) was geometrically distorted and found to be approximately 20 kcal/mol higher in 
energy than the RKS solution. These results indicate that 1 can best be described as having 
a zerovalent metal center that engages in backbonding with each PyEtPDI ligand. 
Table 1.2. Relative orbital energies calculated for (PyEtPDI)2Mo. 
 
Orbital Occupation Relative Energy 
(Eh) 
Relative Energy 
(eV) 
Relative Energy 
(kJ/mol) 
136 2 -0.142016 -3.8645 -372.86747 
137 2 -0.140444 -3.8217 -368.7379 
138 2 -0.132727 -3.6117 -348.47599 
139 0 -0.053274 -1.4497 -139.87475 
140 0 -0.027016 -0.7352 -70.935998 
141 0 -0.022927 -0.6239 -60.197183 
142 0 -0.019290 -0.5249 -50.645138 
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Orbital 142 – LUMO+3 – 45% Mo (dyz)  Orbital 141 – LUMO+2 – 30% Mo (dx2-y2) 
 
 
 
Orbital 140 – LUMO+1 – 42.1% Mo (dxz) Orbital 139 – LUMO – Ligand π* 
 
 
 
 Orbital 138 – HOMO – 39% Mo (dx2-y2)   Orbital 137 – HOMO-1 – 26.1% Mo (dxz) 
 
 
 
Orbital 136 – HOMO-2 – 24.8% Mo (dyz) 
Figure 1.3. Orbital representations for (PyEtPDI)2Mo (1). 
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Having determined that PyEtPDI displaces the carbonyl ligands of Mo(CO)6, we 
hypothesized that incorporating high field strength donors within each imine substituent 
might allow the preparation of a zerovalent Mo complex featuring κ5-, rather than κ3-PDI 
coordination. Knowing that the phosphine-substituted chelate, Ph2PPrPDI (equation 2), can 
coordinate to low-valent Rh34 and Mn7i in a pentadentate fashion, a stoichiometric quantity 
of this chelate was added to a toluene solution of Mo(CO)6 and the reaction was heated to 
120 °C for 48 h. The resulting pink product was analyzed by multinuclear NMR 
spectroscopy and was found to exhibit a single 31P NMR resonance at 34.88 ppm. 
Furthermore, this complex was found to possess six ligand methylene environments by 1H 
NMR spectroscopy (expected for a complex that contains a C2 rotation axis and top-to-
bottom chelate inequivalence),34 confirming that Ph2PPrPDI chelate was coordinated in a 
pentadentate fashion. Analysis of this complex by IR spectroscopy revealed a single CO  
stretch at 1,740 cm-1, suggesting that the newly formed complex retains one CO ligand that 
is accepting a significant amount of electron density via π-backbonding from the Mo  
center. Taken together, this data suggested that the newly prepared complex was six-
coordinate, (Ph2PPrPDI)Mo(CO) (2, Fig. 1.4). 
 
Figure 1.4. Synthesis of (Ph2PPrPDI)Mo(CO) (2) from Mo(CO)6. 
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An isolated crystal of 2 was then analyzed by single crystal X-ray diffraction to 
determine the overall geometry about Mo, as well as the existing degree of metal to 
Ph2PPrPDI π-backbonding. The solid state structure (Fig 1.5) and metrical parameters (Table 
1.3) determined for 2 reveal a few surprising characteristics. The geometry about the Mo 
center in 2 is significantly distorted from an idealized octahedron with N(1)-Mo(1)-N(3) 
and P(1)-Mo(1)-P(2) angles of 147.91(15) and 155.46(5)°, respectively. More importantly, 
the carbonyl ligand is not linearly oriented with the pyridine functionality of Ph2PPrPDI. In 
turn, the N(2)-Mo(1)-C(40) and N(1)-Mo(1)-C(40) angles of 171.43(18) and 97.74(18)°, 
respectively, appear to dictate how the Mo center in 2 engages in π-backbonding. It is 
believed that the solid state positioning of the carbonyl ligand serves to maximize its ability 
to participate in π-backdonation together with the N(1)-C(2) PDI imine arm [i.e., both N(1) 
and C(40) appear to lie on principal Mo bonding axes since these atoms form an angle of 
close to 90°]. Upon examining the Cimine-Nimine and Cimine-Cpyridine chelate distances, it is 
clear that the electron density transferred to Ph2PPrPDI via backdonation is localized between 
N(1) and N(2), as N(1)-C(2) and N(2)-C(3) are elongated to 1.362(6) and 1.390(6) Å, 
respectively, while C(2)-C(3) is significantly shortened to 1.402(7) Å.31 This contrasts the 
distances found for N(3)-C(8), C(7)-C(8), and N(2)-C(7), which indicate poorer Mo-PDI 
π-overlap. These parameters suggest that 2 can best be described as having a Mo(0) center 
that participates in π-backbonding since a PDI chelate that is reduced by one or more 
electrons would likely exhibit complete electron delocalization.35 
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Figure 1.5. The solid state structure of 2 shown at 30% probability ellipsoids (left). A view 
of the bis(imino)pyridine/carbonyl plane with the chelate ligand arms removed for clarity 
(right). Hydrogen atoms and a disordered, co-crystallized diethyl ether molecule have been 
omitted from each rendering. 
Table 1.3. Experimental bond lengths (Å) and angles (°) determined for 2. 
 2 
Mo(1)-N(1) 2.070(4) 
Mo(1)-N(2) 2.072(4) 
Mo(1)-N(3) 2.186(4) 
Mo(1)-P(1) 2.4301(13) 
Mo(1)-P(2) 2.4825(13) 
Mo(1)-C(40) 1.955(5) 
C(40)-O(1) 1.183(6) 
N(1)-C(2) 1.362(6) 
N(3)-C(8) 1.323(6) 
C(2)-C(3) 1.402(7) 
C(7)-C(8) 1.453(7) 
N(2)-C(3) 1.390(6) 
N(2)-C(7) 1.368(6) 
  
N(1)-Mo(1)-N(3) 147.91(15) 
N(1)-Mo(1)-N(2) 74.79(15) 
N(1)-Mo(1)-C(40) 97.74(18) 
N(2)-Mo(1)-C(40) 171.43(18) 
P(1)-Mo(1)-P(2) 155.46(5) 
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Having characterized 2, the hydrosilylation activity of this complex was investigated. 
Heating an equimolar benzene-d6 solution of benzaldehyde and phenylsilane with 1.0 
mol% of 2 to 90 °C allowed for complete substrate reduction and formation of a 4:1 ratio 
of PhSiH(OCH2Ph)2 to PhSiH2(OCH2Ph) after 4.5 h (Table 1.4, Entry 1). Modifying the 
reductant was found to dramatically impact the rate of benzaldehyde hydrosilylation. For 
example, heating a benzene-d6 solution of benzaldehyde and diphenylsilane containing 1.0 
mol% of 2 to 90 °C gave only 32% conversion after 4.5 h (Entry 2), while the use of Ph3SiH 
completely shut down catalysis (Entry 3). While a similar effect was noted for Et3SiH, 
quaternary silyl ethers could be prepared when using unhindered ethoxysilanes (Entries 4-
6). Although conducting the hydrosilylation of benzaldehyde with phenylsilane at 120 °C 
resulted in near complete conversion after only 1 h (TOF = 90 h-1), it was found that running 
the reaction at 0.1 mol% 2 in the absence of solvent at 90 °C resulted in an improved TOF 
of 323 h-1 (Entry 9). These conditions were determined to be ideal for exploring the 
synthetic utility of 2, as minimizing energy input and solvent use are important 
considerations from a sustainability standpoint. 
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Table 1.4. The hydrosilylation of benzaldehyde using 2 as a catalyst. 
 
Entry Temp. 
(°C) 
Cat. 
Loading 
(mol%) 
Silane Product 
(Ratio) 
Time 
(h) 
Conv. 
(%)a 
1 90 1.0 PhSiH3 
PhSiH(OCH2Ph)2 
PhSiH2(OCH2Ph) 
 (4:1)b 
4.5 >99 
2 90 1.0 Ph2SiH2 Ph2SiH(OCH2Ph) 4.5 32 
3 90 1.0 Ph3SiH - 4.5 - 
4 90 1.0 (EtO)3SiH (EtO)3SiOCH2Ph 4.5 14 
5 90 1.0 (EtO)2(Me)SiH (EtO)2(Me)SiOCH2Ph 4.5 45 
6 90 1.0 (EtO)(Me)2SiH (EtO)(Me)2SiOCH2Ph 4.5 27 
7 90 1.0 Et3SiH - 4.5 - 
8 120 1.0 PhSiH3 
PhSiH(OCH2Ph)2 
PhSiH2(OCH2Ph) 
 (2:1)b 
1 90 
9c 90 0.1 PhSiH3 
PhSiH(OCH2Ph)2 
PhSi(OCH2Ph)3 
 (2:1)d 
3 97 
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10c 60 0.1 PhSiH3 
PhSiH(OCH2Ph)2 
PhSiH2(OCH2Ph) 
 (2:1) 
3 29 
aPercent conversion was determined by 1H NMR spectroscopy. bA small amount of 
PhSi(OCH2Ph)3 was observed. 
cTrial was conducted without added benzene-d6 (neat). 
dA 
minimal amount of PhSiH2(OCH2Ph) was observed. 
  
Our efforts to investigate the substrate scope of 2-catalyzed aldehyde hydrosilylation 
are summarized in Table 1.5. Since both PhSiH(OCH2Ph)2 and PhSiH2(OCH2Ph) had 
formed following benzaldehyde hydrosilylation, the conversion of silyl ethers to their 
parent alcohols was conducted for several trials by treating the reaction mixture with 
aqueous 10% NaOH, in order to simplify product isolation.8l As shown in Entries 1-5, 
modifying the electronic properties of benzaldehyde had little influence on the observed 
TOFs. Importantly, these trials also indicate that aryl cyanide, chloride, and fluoride 
substituents appear to be tolerated by 2. Although the reaction did not reach completion, 
the hydrosilylation of trans-cinnamaldehyde to yield cinnamyl alcohol (Entry 7) revealed 
that α,β-unsaturation is tolerated by 2 and that the olefin is not reduced during the course 
of aldehyde hydrosilylation. The inability of 2 to mediate olefin hydrosilylation was further 
confirmed by following the hydrosilylation of 3-cyclohexene-1-carboxaldehyde (Entry 9). 
Attempts to achieve 1-hexene or cyclohexene hydrosilylation under similar conditions 
were unsuccessful.  
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Table 1.5. The preparation of alcohols from aldehydes via 2-mediated hydrosilylation. 
 
Entry    Substrate % Conversiona 
     (Isolated)b 
TOFc 
(h-1) 
1 
 
97 (80) 323 
2 
 
>99d 330 
3 
 
87 (68) 290 
4 
 
90 (74) 300 
5 
 
99 (78) 330 
6 
 
60e 200 
7 
 
52e 173 
8 
 
>99 (93) 330 
16 
 
9 
 
95 (61) 317 
10 
 
99 (82) 330 
11 
 
>99 (89) 330 
aPercent conversion was determined by 1H NMR spectroscopy. bIsolated yield of alcohol 
relative to aldehyde. cTOF calculated from percent conversion. dNaOH treatment resulted 
in conversion of the nitrile substituent to a carboxylic acid. eNaOH treatment afforded a 
mixture of starting aldehyde and alcohol. 
Unfortunately, attempts to catalyze the hydrosilylation of ketones (including 
cyclohexanone, 2-hexanone, acetophenone, and diisopropyl ketone) under the conditions 
used to generate Table 1.4 were also unsuccessful. When conducting each of the ketone 
hydrosilylation trials, no color change was observed upon substrate addition. In contrast, 
preparing aldehyde or equimolar aldehyde/PhSiH3 solutions of 2 resulted in a series of 
color changes whereby the starting pink solution turned bluish-purple, before reverting 
back to a pink-colored solution within minutes at room temperature. This observation 
prompted a series of experiments to further probe the interaction of the precatalyst with 
both PhSiH3 and aldehydes. Adding 5 eq. of PhSiH3 to 2 in benzene-d6 solution resulted in 
no change after 24 h at either 25 °C or 90 °C. However, adding 5 eq. of benzaldehyde to 2 
resulted in partial formation of a Mo-containing product featuring an uncoordinated 
Ph2PPrPDI phosphine substituent after 1 h at 25 °C, as judged by 31P NMR spectroscopy (Fig. 
1.6). After 48 h at 25 °C, an intractable mixture of Mo-containing products with one or 
both ligand phosphine arms dissociated had formed. A similarly complex mixture of Mo 
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compounds was observed by 31P spectroscopy following aldehyde hydrosilylation. Finally, 
conducting the hydrosilylation of benzaldehyde in the presence of Hg did not influence 
hydrosilylation TOF, indicating that heterogeneous Mo species are not responsible for the 
observed catalysis. 
 
Figure 1.6. 31P NMR spectrum of 5 eq. benzaldehyde addition to 2 after 1 h at 25 °C in 
benzene-d6. 
These experiments shed light on the mechanism of 2-catalyzed aldehyde hydrosilylation 
and offer clues as to how improved (PDI)Mo hydrosilylation catalysts might be developed. 
Since the facile coordination of aldehydes to 2 has been observed, it is proposed that this 
complex mediates hydrosilylation through the mechanism displayed in Fig. 1.7. Starting 
with 2, the substitution of one Ph2PPrPDI chelate arm by an aldehyde ligand is shown; 
however, it is possible that aldehydes displace both phosphine substituents to form (κ3-
N,N,N-Ph2PPrPDI)Mo(CO)(aldehyde) during the reaction. Incoming aldehydes might 
coordinate in either an η1- or η2-fashion and are more likely to displace Ph2PPrPDI phosphine 
moieties than ketones since they are less sterically demanding.36 After substrate binding, 
the oxidative addition of PhSiH3 would result in formation of the 7-coordinate Mo(II) 
complex shown at the bottom right of Fig. 1.7. As suggested for 
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[(DPEphos)Mo(NO)(NCMe)3][BAr
F
4],
24 silane oxidative addition is likely the rate-
limiting step of this transformation, in part because PhSiH3 does not independently react 
with 2, even after 24 h at 90 °C. Migratory insertion of the substrate into the Mo-H bond 
with concomitant phosphine coordination would lead to a monoalkoxide silyl complex that 
undergoes reductive elimination to regenerate 2 (or an aldehyde-coordinated analogue). 
While the oxidative addition and insertion steps may proceed in a concerted fashion (a non-
hydride pathway has been established for tetravalent Mo hydrosilylation catalysts),22d our 
proposed mechanism differs from the carbonyl hydrosilylation mechanism proposed by 
Ojima37 and Berke24 in that it does not rely on the formation of a high-energy tertiary alkyl 
complex. It is also unlikely that 2 operates by way of a silylene mechanism,38 since tertiary 
silanes were proven capable of mediating benzaldehyde hydrosilylation (Table 1.3, Entries 
4-6). 
 
Figure 1.7. Proposed mechanism for 2-catalyzed aldehyde hydrosilylation. 
19 
 
Ultimately, it must be stated that 2 has been shown to exhibit somewhat disappointing 
carbonyl hydrosilylation activity when compared to 
[(DPEphos)Mo(NO)(NCMe)3][BAr
F
4]. Although its aldehyde hydrosilylation reactions 
reported by Berke and co-workers were conducted at 120 °C, initial TOFs of up to 4,864 
h-1 were observed.24 At 120 °C, 2-catalyzed benzaldehyde reduction proceeded with a TOF 
of only 90 h-1. One reason for this difference in activity may be that 
[(DPEphos)Mo(NO)(NCMe)3][BAr
F
4] possesses three acetonitrile ligands which are more 
easily displaced than the CO ligand or the phosphine arms of 2. To render the metal center 
more accessible, we are currently working to prepare (κ5-PDI)Mo catalysts that have a 
weak field ligand occupying their sixth coordination site. Additionally, it can be predicted 
that complexes of the general formula (κ3-N,N,N-PDI)Mo(L)3 (where L is a monodentate, 
weak-field σ-donor) might exhibit improved hydrosilylation activity when compared to 2.  
1.4. Conclusion1a 
While attempts to prepare a formal Mo(0) complex featuring κ5-PyEtPDI coordination 
resulted in the formation of (κ3-PyEtPDI)2Mo (1), refluxing a toluene solution of Ph2PPrPDI 
and Mo(CO)6 afforded (κ5-Ph2PPrPDI)Mo(CO) (2). The X-ray crystallographic investigation 
of both products revealed that electron density is being transferred from the metal to the 
chelate via π-backbonding in each complex; however, actual PDI ligand reduction does not 
appear to occur. Upon determining that 2 acts a precatalyst for the hydrosilylation of 
benzaldehyde at 90 °C, the reaction conditions were optimized and then applied to the 
reduction of 11 different aldehydes (TOFs = 173-330 h-1 at 0.1 mol% catalyst loading). 
Furthermore, investigating the reactivity of 2 towards phenylsilane and benzaldehyde 
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revealed that the dissociation of ligand phosphine substituents likely accompanies catalytic 
turnover. In addition to demonstrating the importance of co-donor field strength in catalyst 
design, it is believed that the efforts described herein may guide the preparation of 
improved low-valent Mo hydrosilylation catalysts. 
1.5. Experimental Procedures1a 
1.5.1. General Considerations  
Unless otherwise stated, all chemicals and synthetic reactions were handled under an 
atmosphere of purified nitrogen, either in an MBraun glove box or using standard Schlenk 
line techniques. Pentane, toluene, diethyl ether, and tetrahydrofuran were purchased from 
Sigma-Aldrich, dried using a Pure Process Technology solvent system, and stored in a 
glove box over activated 4Å molecular sieves and metallic sodium (from Alfa Aesar) 
before use. Benzene-d6 was obtained from Cambridge Isotope Laboratories and dried over 
4Å molecular sieves and metallic sodium prior to use. 2,6-Diacetylpyridine, 2-(2-
aminoethyl)pyridine, triethoxysilane, decanal, 4-chlorobenzaldehyde, 3-cyclohexene-1-
carboxaldehyde, and trans-cinnamaldehyde were purchased from TCI America. 4-
Cyanobenzaldehyde, phenylsilane, diphenylsilane, and triphenylsilane were purchased 
from Oakwood Products. Cyclohexanecarboxaldehyde, p-tolualdehyde, furfural, pyridine, 
triethylsilane, diethoxymethylsilane, dimethoxyethylsilane, benzaldehyde, and p-
anisaldehyde were purchased from Sigma-Aldrich. Celite, anhydrous sodium sulfate, 
sodium hydroxide, m-xylene, and p-fluorobenzaldehyde were purchased from Acros and 
used as received. Mo(CO)6 and 3-(diphenylphosphino)propylamine were purchased from 
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Strem Chemicals and used as received. Ph2PPrPDI34 and (py)3MoCl3
27
 were prepared 
according to literature procedure. 
Solution phase 1H, 13C, and 31P nuclear magnetic resonance (NMR) spectra were 
recorded at room temperature on either a 400 MHz or 500 MHz Varian NMR Spectrometer. 
All 1H and 13C NMR chemical shifts are reported relative to Si(CH3)4 using 
1H (residual) 
and 13C chemical shifts of the solvent as secondary standards. 31P NMR data is reported 
relative to H3PO4. Solid-state IR spectroscopy was conducted on a Bruker Vertex 70 
spectrometer. Elemental analyses were performed at Robertson Microlit Laboratories Inc. 
(Ledgewood, NJ) and Arizona State University CLAS Goldwater Environmental 
Laboratory (Tempe, AZ).  
1.5.2. X-ray Crystallography  
Single crystals suitable for X-ray diffraction were coated with polyisobutylene oil in the 
glovebox and transferred to glass fiber with Apiezon N grease, which was then mounted 
on the goniometer head of a Bruker APEX Diffractometer (Arizona State University), 
equipped with Mo Kα radiation. A hemisphere routine was used for data collection and 
determination of the lattice constants. The space group was identified and the data was 
processed using the Bruker SAINT+ program and corrected for absorption using SADABS. 
The structures were solved using direct methods (SHELXS) completed by subsequent 
Fourier synthesis and refined by full-matrix, least-squares procedures on [F2] (SHELXL). 
The solid-state structure of 2 was found to possess a disordered diethyl ether molecule.  
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1.5.3. Calculations  
All DFT calculations were carried out using the ORCA program,39 and all compounds 
were optimized with the B3LYP functional.40 The Conductor-like Screening Model 
(COSMO) was used where indicated, with THF as the solvent.41 Empirical Van der Waals 
corrections were included in the geometry optimizations of all molecules.42 The self-
consistent field (SCF) calculations were tightly converged (1 x 10-8 Eh in energy, 1 x 10
-7 
Eh in the density charge). Ahlrichs triple-ξ valence basis sets (relativistically recontracted) 
with one set of first polarization functions (def2-TZVP-ZORA) were used for the 
molybdenum and nitrogen atoms.43 Ahlrichs split valence basis sets (relativistically 
recontracted) with one set of first polarization functions (def2-SVP-ZORA) were used for 
the carbon and hydrogen atoms.43 Auxiliary basis sets were chosen to match the orbital 
basis sets used. Molecular orbitals were visualized using the Molekel program.44 
1.5.4. Improved Preparation of 2,6-((2-NC5H4)CH2CH2N=C(CH3))2C5H3N (
PyEtPDI) 
Although previously reported,26 an improved synthesis of this ligand is provided. A 100 
mL thick-walled reaction bomb containing 0.20 g of 4 Å molecular sieves was charged 
with 10 mL of toluene, 1.00 g (6.13 mmol) of 2,6-diacetylpyridine, and 0.019 g (0.11 
mmol) of p-toluenesulfonic acid and the mixture was stirred at ambient temperature for 15 
min. To it, 1.49 g (12.21 mmol) of 2-(2-aminoethyl)pyridine was added dropwise. The 
bomb was then sealed and heated to 80 ˚C for two days. The resulting orange solution was 
cooled to ambient temperature and filtered through Celite to remove the sieves and 
precipitated p-toluenesulfonic acid. The solvent was then evacuated to obtain 2.20 g (96%) 
of a deep orange oil identified as PyEtPDI. Elemental analysis for C23H25N5: Calcd. C, 
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74.36; H, 6.78; N, 18.85. Found C, 74.21; H, 6.92; N, 18.31. 1H NMR (benzene-d6, 400 
MHz): δ 8.58 (d, 4.3 Hz, 2H, aPy), 8.30 (d, 7.7 Hz, 2H, m-cPy), 7.23 (t, 7.7 Hz, 1H, p-cPy), 
7.05 (t, 6.9 Hz, 2H, aPy), 6.94 (d, 7.8Hz, 2H, aPy), 6.62 (m, 2H, aPy), 3.94 (t, 7.2 Hz, 4H, 
CH2CH2N), 3.35 (t, 7.2Hz, 4H, CH2CH2N), 2.18 (s, 6H, CH3). 
13C NMR (benzene-d6, 
100.49 MHz): δ 166.77 (C=N), 161.63 (aPy), 156.73 (cPy), 150.11 (aPy), 136.51 (cPy), 
135.96 (aPy), 123.87 (aPy), 121.65 (aPy), 121.41 (cPy), 52.95 (CH2CH2N), 40.58 
(CH2CH2N), 13.71 (CH3).  
1.5.5. Preparation of (PyEtPDI)2Mo (1) 
Method A. In a nitrogen filled glove box, a 20 mL reaction vial was charged with 4.6 g 
of metallic mercury and 3 mL of THF. To the vial, 0.023 g of freshly cut sodium was added 
and stirred for 30 min to form clear sodium amalgam solution. To the stirring solution, 
0.147 g (0.394 mmol) of PyEtPDI in 5 mL of THF and 0.087 g of (py)3MoCl3 (0.198 mmol) 
in 5 mL of THF were added and the mixture was allowed to stir at ambient temperature for 
18 h. The brown solution was then filtered through Celite and the solvent was removed in 
vacuo to yield a brown solid. After washing with pentane and drying, 0.098 g (59%) of 1 
was isolated. Suitable crystals for X-ray diffraction were grown from pentane. Method B. 
In a nitrogen filled glove box, a 100 mL thick-walled reaction bomb was charged with 
0.016 g (0.06 mmol) of Mo(CO)6 dissolved in 10 mL of  m-xylene, 0.045 g (0.121 mmol) 
of PyEtPDI dissolved in 10 mL of m-xylene, and a magnetic stir bar. The bomb was sealed, 
the solution was frozen with liquid nitrogen, and the reaction was degassed on a Schlenk 
line. Upon warming to room temperature, the reaction was set to reflux in an oil bath that 
was preheated to 130 °C. A color change from light yellow to brown was observed within 
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4 h of stirring. After 24 h, the solution was cooled to room temperature, frozen with liquid 
nitrogen, and degassed. Once the liberated CO was removed, the reaction bomb was 
allowed to reflux for another 24 h at 130 °C to ensure reaction completion. After once again 
removing CO, the bomb was brought inside the glove box and the resulting brown solution 
was filtered through Celite. After removing the m-xylene under vacuum, washing with 2 
mL of pentane, and drying, recrystallization from an ether/pentane solution yielded 0.027 
g (0.032 mmol, 53%) of a dark crystalline solid identified as (PyEtPDI)2Mo. Elemental 
analysis for C46H50N10Mo: Calcd. C, 65.85%, H, 6.00%, N, 16.69%. Found, C, 65.76%, H, 
5.95%, N, 15.72%. Elemental analysis on C46H50N10Mo consistently produced low N% 
values and the 1H and 13C NMR spectra of this complex are provided as Figures 1.8 and 
1.9 as a measure of purity. 1H NMR (benzene-d6): δ 8.27 (d, J = 3.6 Hz, 2H, aPy), 7.85 (d, 
J = 7.6 Hz, 2H, m-cPy), 7.36 (t, J = 7.6 Hz, 1H, p-cPy), 6.97 (m, 2H, aPy), 6.46 (d, J = 4.8 
Hz, 2H, aPy), 5.98 (m, 2H, aPy), 2.98 (t, J = 8.4 Hz, 4H, CH2CH2N), 2.77 (s, 6H, CH3), 
1.72 (t, J = 8.4 Hz, 4H, CH2CH2N). 
13C NMR (benzene-d6): δ 160.06 (C=N), 149.31 (py), 
147.54 (py), 139.58 (py), 135.74 (py), 122.89 (py), 120.88 (py), 112.98 (py), 112.71 (py), 
55.05 (NCH2CH2), 38.89 (NCH2CH2), 13.67 (CH3). 
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Figure 1.8. 1H NMR spectrum of (PyEtPDI)2Mo (1) in benzene-d6. 
 
Figure 1.9. 13C NMR spectrum of (PyEtPDI)2Mo (1) in benzene-d6. 
1.5.6. Preparation of (Ph2PPrPDI)Mo(CO) (2) 
In a nitrogen filled glove box, a 100 mL thick-walled reaction bomb was charged with 
0.025 g (0.095 mmol) of Mo(CO)6 dissolved in 10 mL of  toluene, 0.058 g (0.095 mmol) 
of Ph2PPrPDI dissolved in 10 mL of toluene and a magnetic stir bar. The sealed bomb was 
attached to a Schlenk line, submerged under liquid nitrogen, and degassed. After warming 
to ambient temperature, the reaction was refluxed to 120 °C in a preheated oil bath. A color 
26 
 
change from light yellow to deep pink was observed within 30 min of stirring. After 24 h, 
the solution was allowed to cool to room temperature and then frozen in liquid nitrogen 
before the vessel was degassed on the Schlenk line. Once the liberated CO gas was 
removed, the solution was allowed to reflux for another 24 h at 120 °C to ensure completion 
of the reaction. After removal of CO, the bomb was brought inside the glove box and the 
resulting pink solution was filtered through Celite. The solvent was removed in vacuo, the 
resulting solid was washed with 2 mL of pentane, and then dried to yield 0.06 g (0.081 
mmol, 86%) of a deep pink microcrystalline solid identified as 2. Single crystals suitable 
for X-ray diffraction were grown from concentrated solution of ether layered with pentane 
at -35 °C. Elemental analysis for C40H41N3MoP2O: Calcd. C, 65.13; H, 5.60; N, 5.70; 
Found: C, 65.25; H, 5.63; N, 5.45. 1H NMR (benzene-d6, 400 MHz): δ 7.74 (d, 7.2 Hz, 4H, 
Ph), 7.11 (t, 7.6 Hz, 4H, Ph), 6.98 (t, 7.2 Hz, 2H, Ph), 6.85 (m, 4H, Ph), 6.80 (m, 2H, Ph), 
6.65 (m, 4H, Ph), 6.59 (t, 8.0 Hz, 1H, p-Py), 6.22 (d, 8.0 Hz, 2H, m-Py), 4.67 (m, 2H, CH2), 
4.63 (m, 2H, CH2), 2.70 (m, 2H, CH2), 2.35 (m, 2H, CH2), 1.92 (m, 2H, CH2), 1.73 (m, 
2H, CH2) overlaps with a peak at 1.70 (s, 6H, CH3). 
13C NMR (benzene-d6, 100.49 MHz): 
δ 272.19 (t, 20.5 Hz, CO), 157.19 (C=N), 145.86 (o-py), 139.54 (t, 17.5 Hz, Ph), 134.92 (t, 
7.6 Hz, Ph), 132.80 (t, 5.5 Hz, Ph), 132.47 (t, 5.5 Hz, Ph), 124.86 (p-py), 105.34 (m-py), 
60.41 (NCH2CH2), 28.86 (PCH2CH2), 27.60 (t, 13.4 Hz, PCH2CH2), 12.65 (CH3). 
31P 
NMR (benzene-d6, 161.78 MHz): δ 34.88 (s). IR (KBr): νCO = 1740 cm-1. 
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Figure 1.10. 1H NMR spectrum of (Ph2PPrPDI)Mo(CO) in benzene-d6. 
 
Figure 1.11. 13C NMR spectrum of (Ph2PPrPDI)Mo(CO) in benzene-d6. 
 
Figure 1.12. 31P NMR spectrum of (Ph2PPrPDI)Mo(CO) in benzene-d6. 
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Figure 1.13. IR spectrum of (Ph2PPrPDI)Mo(CO) in KBr. 
 
Figure 1.14. Cyclic voltammogram of (Ph2PPrPDI)Mo(CO) relative to Fc+/Fc0 (internal 
standard) in THF (scan rate = 25 mV/s). 
1.5.7. General procedure for silane screening  
In the glovebox, a solution of silane (0.017 mL, 0.14 mmol) and benzaldehyde (0.014 
mL, 0.14 mmol) in benzene-d6 (approximately 0.7 mL) was added to a 20 mL scintillation 
vial containing 0.001 g (0.0014 mmol) of complex 2. A transient color change from pink 
to bluish-purple to purple was observed. The resulting solution was transferred into a J. 
Young tube and the sealed tube was allowed to heat at 90 °C for 4.5 h in an oil bath. The 
progress of the reaction was determined following analysis by 1H NMR spectroscopy. 
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1.6. Catalytic Experiments1a 
1.6.1. General procedure for aldehyde hydrosilylation  
In the glovebox, a 20 mL scintillation vial containing 0.0014 mmol of 2 was charged 
with PhSiH3 (0.14 mmol) and aldehyde (0.14 mmol). A momentary color change from pink 
to bluish-purple to pink was observed. The vial was sealed under nitrogen and the reaction 
was heated to 90 °C for 3 h before being opened to air to deactivate the catalyst. The 
resulting colorless solution was filtered into an NMR tube using 0.7 mL of benzene-d6 
solvent and hydrosilylation conversion was assayed by 1H NMR spectroscopy. After 
evaporating the NMR solvent, the silylated products were hydrolyzed with 10 % NaOH (2 
mL) while stirring at ambient temperature for 1 h. Upon extracting the organic layer with 
diethyl ether (3 × 2 mL) and drying over anhydrous Na2SO4, the product was isolated under 
reduced pressure. A control experiment was performed in a similar fashion by adding 0.14 
mmol of PhSiH3 and 0.14 mmol of benzaldehyde to 0.7 mL of benzene-d6 in the absence 
of complex 2. The solution was monitored by 1H NMR spectroscopy over time and no 
reaction was observed after 3 h at 90 °C. 
1.6.2. Hydrosilylation of benzaldehyde using PhSiH3 at 90 °C (1.0 mol %)  
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.0217 mL, 0.176 
mmol), benzaldehyde (0.018 mL, 0.176 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.00176 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. By integration, it was observed 
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that more than 99% of the starting benzaldehyde had been hydrosilylated to form a 4:1 
ratio of PhSiH(OCH2Ph)2 to PhSiH2(OCH2Ph). 
1.6.3. Hydrosilylation of benzaldehyde using Ph2SiH2 at 90 °C (1.0 mol %) 
In the glovebox, a 20 mL scintillation vial was charged with Ph2SiH2 (0.0277 mL, 0.149 
mmol), benzaldehyde (0.0152 mL, 0.149 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.00149 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. By integration, it was observed 
that 32% of the starting benzaldehyde had been hydrosilylated to form Ph2SiH(OCH2Ph). 
1.6.4. Hydrosilylation of benzaldehyde using Ph3SiH at 90 °C (1.0 mol%)  
In the glovebox, a 20 mL scintillation vial was charged with Ph3SiH (0.060 g, 0.231 
mmol), benzaldehyde (0.0235 mL, 0.231 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.00231 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. No hydrosilylation products were 
observed.  
1.6.5. Hydrosilylation of benzaldehyde using (EtO)3SiH at 90 °C (1.0 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with (EtO)3SiH (0.030 mL, 
0.163 mmol),  benzaldehyde (0.0166 mL, 0.163 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.00163 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
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tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. By integration, it was observed 
that 14% of the starting benzaldehyde had been hydrosilylated to form (EtO)3SiOCH2Ph. 
1.6.6. Hydrosilylation of benzaldehyde using (EtO)2MeSiH at 90 °C (1.0 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with (EtO)2MeSiH (0.0326 mL, 
0.200 mmol),  benzaldehyde (0.0208 mL, 0.200 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.002 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. By integration, it was observed 
that 45% of the starting benzaldehyde had been hydrosilylated to form 
(EtO)2MeSiOCH2Ph. 
1.6.7. Hydrosilylation of benzaldehyde using (EtO)Me2SiH at 90 °C (1.0 mol %) 
In the glovebox, a 20 mL scintillation vial was charged with (EtO)Me2SiH (0.015 mL, 
0.108 mmol),  benzaldehyde (0.0111 mL, 0.108 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.00108 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. By integration, it was observed 
that 27% of the starting benzaldehyde had been hydrosilylated to form 
(EtO)Me2SiOCH2Ph. 
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1.6.8. Hydrosilylation of benzaldehyde using Et3SiH at 90 °C (1.0 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with Et3SiH (0.0195 mL, 0.122 
mmol), benzaldehyde (0.0125 mL, 0.122 mmol), and 0.7 mL of benzene-d6 solution 
containing 0.00122 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated to 90 °C in a preheated oil bath for 4.5 h. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored using 1H NMR spectroscopy. No hydrosilylation products were 
observed. 
1.6.9. Hydrosilylation of benzaldehyde at 120 °C (1.0 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.0217 mL, 0.176 
mmol), benzaldehyde (0.018 mL, 0.176 mmol), and 0.7 mL of a benzene-d6 solution 
containing 0.00176 mmol of 2. The reaction mixture was transferred into a J. Young NMR 
tube, sealed under nitrogen, and heated at 120 °C in a preheated oil bath for 1 hour. The 
resulting light-brown solution was then cooled to ambient temperature and the progress of 
the reaction was monitored by 1H NMR spectroscopy. By integration, it was observed that 
90% of the starting benzaldehyde had been hydrosilylated to form a 2:1 ratio of 
PhSiH(OCH2Ph)2 to PhSiH2(OCH2Ph).  
1.6.10. Hydrosilylation of benzaldehyde at 90 °C (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.168 mL, 1.36 
mmol), benzaldehyde (0.139 mL, 1.36 mmol), and 0.001 g (0.00136 mmol) of 2. A 
momentary color change from pink to bluish-purple to pink was observed. The vial was 
then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
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resulting light-brown solution was then cooled to ambient temperature and opened to the 
air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 97% of the starting benzaldehyde had been 
hydrosilylated. The resulting hydrosilylation products were hydrolyzed in 10% NaOH 
solution (3 mL) upon stirring for 1 hour. The organic contents were extracted with 
diethylether (3 × 2 mL), dried over anhydrous Na2SO4, and the solvent was removed under 
reduced pressure. The product was analyzed by 1H NMR spectroscopy and identified as 
benzylalcohol (0.118 g, 80% isolated yield).  
1.6.11. Hydrosilylation of benzaldehyde at 60 °C (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.234 mL, 1.89 
mmol) and a benzaldehyde (0.194 mL, 1.89 mmol) solution containing 0.0014 g (0.00189 
mmol) of 2. A momentary color change from pink to bluish-purple to pink was observed. 
The vial was then sealed under nitrogen and heated at 60 °C in a preheated oil bath for 3 
hours. The resulting light-brown solution was then cooled to ambient temperature and 
opened to the air to deactivate the catalyst. The resulting colorless solution was dissolved 
in 0.7 mL of benzene-d6 and filtered through Celite into an NMR tube. By integration, it 
was observed that 29% of the starting benzaldehyde had been hydrosilylated to form a 2:1 
ratio of PhSiH(OCH2Ph)2 to PhSiH2(OCH2Ph). 
1.6.12. Hydrosilylation of 4-cyanobenzaldehyde (0.1 mol%)  
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.100 mL, 0.8 
mmol), 4-cyanobenzaldehyde (0.107 mg, 0.8 mmol), and 0.0006 g (0.0008 mmol) of 2. A 
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momentary color change from pink to bluish-purple to pink was observed. The vial was 
then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
resulting light-brown solution was then cooled to ambient temperature and opened to the 
air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 99% of the starting 4-cyanobenzaldehyde 
had been hydrosilylated. Hydrolysis of this product mixture in 10% NaOH solution (2 mL) 
did not result in a diethylether soluble product, presumably due to nitrile group conversion 
into a carboxylic acid.  
1.6.13. Hydrosilylation of 4-chlorobenzaldehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.184 mL, 1.49 
mmol), 4-chlorobenzaldehyde (0.210 mg, 1.49 mmol), and 0.0011 g (0.00149 mmol) of 2. 
A momentary color change from pink to bluish-purple to pink was observed. The vial was 
then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
resulting light-brown solution was then cooled to ambient temperature and opened to the 
air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 87% of the starting 4-chlorobenzaldehyde 
had been hydrosilylated. The resulting hydrosilylation products were hydrolyzed in 10% 
NaOH solution (3 mL) upon stirring for 1 hour. The organic contents were extracted with 
diethylether (3 × 2 mL), dried over anhydrous Na2SO4, and the solvent was removed under 
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reduced pressure. The product was analyzed by 1H NMR spectroscopy and identified as 4-
chlorobenzylalcohol (0.109 g, 68% isolated yield). 
1.6.14. Hydrosilylation of 4-fluorobenzaldehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.168 mL, 1.36 
mmol), 4-fluorobenzaldehyde (0.145 mL, 1.36 mmol), and 0.001 g (0.00136 mmol) of 2. 
A momentary color change from pink to bluish-purple to pink was observed. The vial was 
then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
resulting light-brown solution was then cooled to ambient temperature and opened to the 
air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 90% of the starting 4-fluorobenzaldehyde 
had been hydrosilylated. The resulting hydrosilylation products were hydrolyzed in 10% 
NaOH solution (3 mL) upon stirring for 1 hour. The organic contents were extracted with 
diethylether (3 × 2 mL), dried over anhydrous Na2SO4, and the solvent was removed under 
reduced pressure. The product was analyzed by 1H NMR spectroscopy and identified as 4-
fluorobenzylalcohol (0.101 g, 74% isolated yield).  
1.6.15. Hydrosilylation of p-tolualdehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.201 mL, 1.63 
mmol), p-tolualdehyde (0.192 mL, 1.63 mmol), and 0.0012 g (0.00163 mmol) of 2. A 
momentary color change from pink to bluish-purple to pink was observed. The vial was 
then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
resulting light-brown solution was then cooled to ambient temperature and opened to the 
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air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 99% of the starting p-tolualdehyde had 
been hydrosilylated. The resulting hydrosilylation products were hydrolyzed in 10% NaOH 
solution (3 mL) upon stirring for 1 hour. The organic contents were extracted with 
diethylether (3 × 2 mL), dried over anhydrous Na2SO4, and the solvent was removed under 
reduced pressure. The product was analyzed by 1H NMR spectroscopy and identified as 4-
methylbenzylalcohol (0.155 g, 78% isolated yield). 
1.6.16. Hydrosilylation of p-anisaldehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.285 mL, 2.3 
mmol) and a p-anisaldehyde (0.281 mL, 2.3 mmol) solution containing 0.0017 g (0.0023 
mmol) of 2. A momentary color change from pink to bluish-purple to pink was observed. 
The vial was then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 
hours. The resulting light-brown solution was then cooled to ambient temperature and 
opened into the air to deactivate the catalyst. The resulting colorless solution was dissolved 
in 0.7 mL of benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR spectrum of this solution, it was determined that 60% of the starting p-
anisaldehyde had been hydrosilylated. The resulting hydrosilylation products were 
hydrolyzed in 10% NaOH solution (3 mL) upon stirring for 1 hour. The organic contents 
were extracted with diethylether (3 × 2 mL), dried over anhydrous Na2SO4, and the solvent 
was removed under reduced pressure. The product was analyzed by 1H NMR spectroscopy 
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and was identified as 4-methoxybenzylalcohol; however, a significant amount of p-
anisaldehyde remained. 
1.6.17. Hydrosilylation of trans-cinnamaldehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.100 mL, 0.81 
mmol), trans-cinnamaldehyde (0.102 mL, 0.81 mmol), and 0.0006 g (0.00081 mmol) of 2. 
A momentary color change from pink to bluish-purple to pink was observed. The vial was 
then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
resulting light-brown solution was then cooled to ambient temperature and opened to the 
air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 52% of the starting trans-cinnamaldehyde 
had been hydrosilylated. The resulting hydrosilylation products were hydrolyzed in 10% 
NaOH solution (3 mL) upon stirring for 1 hour. The organic contents were extracted with 
diethylether (3 × 2 mL), dried over anhydrous Na2SO4, and the solvent was removed under 
reduced pressure. The product was analyzed by 1H NMR spectroscopy and was identified 
as trans-cinnamylalcohol; however, a significant amount of trans-cinnamaldehyde 
remained. 
1.6.18. Hydrosilylation of furfural (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.150 mL, 1.22 
mmol), furfural (0.101 mL, 1.22 mmol), and 0.0009 g (0.00122 mmol) of 2. A momentary 
color change from pink to bluish-purple to pink was observed. The vial was then sealed 
under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The resulting light-
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brown solution was then cooled to ambient temperature and opened to the air to deactivate 
the catalyst. The resulting colorless solution was dissolved in 0.7 mL of benzene-d6 and 
filtered through Celite into an NMR tube. By integrating the 1H NMR spectrum of this 
solution, it was determined that >99% of the starting furfural had been hydrosilylated. The 
resulting hydrosilylation products were hydrolyzed in 10% NaOH solution (3 mL) upon 
stirring for 1 hour. The organic contents were extracted with diethylether (3 × 2 mL), dried 
over anhydrous Na2SO4, and the solvent was removed under reduced pressure. The product 
was analyzed by 1H NMR spectroscopy and identified as 2-furanmethanol (0.111 g, 93% 
isolated yield).  
1.6.19. Hydrosilylation of 3-cyclohexene-1-carboxaldehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.134 mL, 1.1 
mmol), 3-cyclohexene-1-carboxaldehyde (0.127 mL, 1.11 mmol), and 0.0008 g (0.0011 
mmol) of 2. A momentary color change from pink to bluish-purple to pink was observed. 
The vial was then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 
hours. The resulting light-brown solution was then cooled to ambient temperature and 
opened to the air to deactivate the catalyst. The resulting colorless solution was dissolved 
in 0.7 mL of benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR spectrum of this solution, it was determined that 95% of the starting 3-
cyclohexene-1-carboxaldehyde had been hydrosilylated. The resulting hydrosilylation 
products were hydrolyzed in 10% NaOH solution (3 mL) upon stirring for 1 hour. The 
organic contents were extracted with diethylether (3 × 2 mL), dried over anhydrous 
Na2SO4, and the solvent was removed under reduced pressure. The product was analyzed 
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by 1H NMR spectroscopy and identified as 3-cyclohexene-1-methanol (0.075 g, 61% 
isolated yield). 
1.6.20. Hydrosilylation of cyclohexanecarboxaldehyde (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.151 mL, 1.22 
mmol), cyclohexanecarboxaldehyde (0.148 mL, 1.22 mmol), and 0.0009 g (0.00122 mmol) 
of 2. A momentary color change from pink to bluish-purple to pink was observed. The vial 
was then sealed under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The 
resulting light-brown solution was then cooled to ambient temperature and opened to the 
air to deactivate the catalyst. The resulting colorless solution was dissolved in 0.7 mL of 
benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H NMR 
spectrum of this solution, it was determined that 99% of the starting 
cyclohexanecarboxaldehyde had been hydrosilylated. The resulting hydrosilylation 
products were hydrolyzed in 10% NaOH solution (3 mL) upon stirring for 1 hour. The 
organic contents were extracted with diethylether (3 × 2 mL), dried over anhydrous 
Na2SO4, and the solvent was removed under reduced pressure. The product was analyzed 
by 1H NMR spectroscopy and identified as cyclohexylmethanol (0.115 g, 82% isolated 
yield). 
1.6.21. Hydrosilylation of decanal (0.1 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.100 mL, 0.81 
mmol), decanal (0.153 mL, 0.81 mmol), and 0.0006 g (0.00081 mmol) of 2. A momentary 
color change from pink to bluish-purple to pink was observed. The vial was then sealed 
under nitrogen and heated at 90 °C in a preheated oil bath for 3 hours. The resulting light-
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brown solution was then cooled to ambient temperature and opened to the air to deactivate 
the catalyst. The resulting colorless solution was dissolved in 0.7 mL of benzene-d6 and 
filtered through Celite into an NMR tube. By integrating the 1H NMR spectrum of this 
solution, it was determined that >99% of the starting decanal had been hydrosilylated. The 
resulting hydrosilylation products were hydrolyzed in 10% NaOH solution (3 mL) upon 
stirring for 1 hour. The organic contents were extracted with diethylether (3 × 2 mL), dried 
over anhydrous Na2SO4, and the solvent was removed under reduced pressure. The product 
was analyzed by 1H NMR spectroscopy and identified as 1-decanol (0.115 g, 89% isolated 
yield). 
1.7. Addition of 5 eq. benzaldehyde to 2 
In the glovebox, a 20 mL scintillation vial was charged with benzaldehyde (0.00346 
mL, 0.035 mmol) and 0.7 mL of benzene-d6 solution containing 0.007 mmol of 2. The 
reaction mixture was stirred for an hour under nitrogen at ambient temperature. The 
resulting pink solution was then transferred into a J. Young NMR tube and progress of the 
reaction was monitored by 1H NMR and 31P NMR spectroscopy. Free chelate arms were 
observed along with unreacted 2 after 1h. After 48 h, the reaction mixture was filtered 
through Celite and the volatile organics were removed under reduced pressure to obtain a 
pink solid. A majority of the chelate phosphine substituents were no longer coordinated to 
Mo, as judged by 31P NMR spectroscopy. 
1.8. Hydrosilylation of benzaldehyde using PhSiH3 at 90 °C (10 mol%) 
In the glovebox, a 20 mL scintillation vial was charged with PhSiH3 (0.016.6 mL, 0.135 
mmol), (0.0138 mL, 0.135 mmol), and 0.5 mL of benzene-d6 solution containing 0.0135 
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mmol of 2. The reaction mixture was transferred into a J. Young NMR tube, sealed under 
nitrogen, and heated to 90 °C in a preheated oil bath for 3 h. The resulting light-brown 
solution was then cooled to ambient temperature and the reaction was monitored using 1H 
NMR and 31P NMR spectroscopy. Complete conversion of starting benzaldehyde 
resonances were observed by 1H NMR spectroscopy and the formation of multiple 
unidentified Mo compounds were observed by 31P NMR spectroscopy. 
1.9. Test for Catalyst Homogeneity 
In the glovebox, a 20 mL scintillation vial was charged with Hg (11.25 g, 56. 25 mmol), 
PhSiH3 (0.150 mL, 1.22 mmol), benzaldehyde (0.125 mL, 1.22 mmol), and 0.0009 g 
(0.00122 mmol) of 2. A momentary color change from pink to bluish-purple to pink was 
observed. The vial was sealed under nitrogen and heated at 90 ºC in a preheated oil bath 
for 3 h. The resulting light-brown solution was then cooled to ambient temperature and 
opened to air to deactivate the catalyst. The resulting colorless solution was dissolved in 
0.7 mL of benzene-d6 and filtered through Celite into an NMR tube. By integrating the 
1H 
NMR spectrum of this solution, it was determined that 97% of the starting benzaldehyde 
had been hydrosilylated. 
 
 
 
 
 
 
42 
 
1.10. References 
(1)(a) Pal, R.; Groy, T. L.; Bowman, A. C.; Trovitch, R. J. Inorg. Chem. 2014, 53, 9357-
9365. (b) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles and 
Applications of Organotransition Metal Chemistry; University Science Books: Sausalito, 
CA, 1987; pp 523-575.  
 
(2) (a) Noyori, R. Angew. Chem. Int. Ed. 2002, 41, 2008-2022. (b) Carey, J. S.; Laffan, D.; 
Thomson, C.; Williams, M. T. Org. Biomol. Chem. 2006, 4, 2337-2347. 
 
(3) Parshall, G. W.; Ittel, S. D. in Homogeneous Catalysis: The Applications and Chemistry 
of Catalysis by Soluble Transition Metal Complexes, 2nd Edition, John Wiley & Sons, Inc., 
New York, 1992, pp. 39-41. 
 
(4) For examples of commonly used hydrosilylation catalysts see: (a) Speier, J. L.; 
Webster, J. A.; Barnes, G. H. J. Am. Chem. Soc. 1957, 79, 974-979. (b) Hitchcock, P. B.; 
Lappert, M. F.; Warhurst, N. J. W. Angew. Chem. Int. Ed. 1991, 30, 438-440. 
 
(5) (a) Enthaler, S.; Junge, K.; Beller, M. Angew. Chem. Int. Ed. 2008, 47, 3317-3321. (b) 
Czaplik, W. M.; Mayer, M.; Cvengroš, J.; van Wangelin, A. J. Chem. Sus. Chem. 2009, 2, 
396-417. 
 
(6) (a) Gaillard, S.; Renaud, J.-L. Chem. Sus. Chem. 2008, 1, 505-509. (b) Troegel, D.; 
Stohrer, J. Coord. Chem. Rev. 2011, 255, 1440-1459. 
 
(7) (a) Pratt, S. L.; Faltynek, R. A. J. Organomet. Chem. 1983, 258, C5-C8. (b) Hilal, H. 
S.; Abu-Eid, M.; Al-Subu, M.; Khalaf, S. J. Mol. Catal. 1987, 39, 1-11. (c) Mao, Z.; Gregg, 
B. T.; Cutler, A. R. J. Am. Chem. Soc. 1995, 117, 10139-10140. (d) Cavanaugh; M. D.; 
Gregg, B. T.; Cutler, A. R. Organometallics 1996, 15, 2764-2769. (e) Son, S. U.; Paik, S.-
J.; Lee, I. S.; Lee, Y.-A.; Chung, Y. K.; Seok, W. K.; Lee, H. N. Organometallics 1999, 
18, 4114-4118. (f) Son, S. U.; Paik, S.-J.; Chung, Y. K. J. Mol. Catal. A: Chem. 2000, 151, 
87-90. (g) Chidara, V. K.; Du, G. Organometallics 2013, 32, 5034-5037. (h) Zheng, J.; 
Chevance, S.; Darcel, C.; Sortais, J.-B. Chem. Commun. 2013, 49, 10010-10012. (i) 
Mukhopadhyay, T. K.; Flores, M.; Groy, T. L.; Trovitch, R. J. J. Am. Chem. Soc. 2014, 
136, 882-885. 
 
(8) For representative Fe hydrosilylation catalysts see: (a) Brunner, H.; Fisch, K. Angew. 
Chem. Int. Ed. 1990, 29, 1131-1132. (b) Tondreau, A. M.; Lobkovsky, E.; Chirik, P. J. 
Org. Lett. 2008, 10, 2789-2792. (c) Langlotz, B. K.; Wadepohl, H.; Gade, L. H. Angew. 
Chem. Int. Ed. 2008, 47, 4670-4674. (d) Tondreau, A. M.; Darmon, J. M.; Wile, B. M.; 
Floyd, S. K.; Lobkovsky, E.; Chirik, P. J. Organometallics 2009, 28, 3928-3940. (e) 
Inagaki, T.; Ito, A.; Ito, J.; Nishiyama, H. Angew. Chem. Int. Ed. 2010, 49, 9384-9387. (f) 
Kandepi, V. V. K. M.; Cardoso, J. M. S.; Peris, E.; Royo, B. Organometallics 2010, 29, 
43 
 
2777-2782. (g) Yang, J.; Tilley, T. D. Angew. Chem. Int. Ed. 2010, 49, 10186-10188. (h) 
Bhattacharya, P.; Krause, J. A.; Guan, H. Organometallics 2011, 30, 4720-4729. (i) 
Atienza, C. C. H.; Tondreau, A. M.; Weller, K. J.; Lewis, K. M.; Cruse, R. W.; Nye, S. A.; 
Boyer, J. L.; Delis, J. G. P.; Chirik, P. J. ACS Catal. 2012, 2, 2169-2172. (j) Tondreau, A. 
M.; Atienza, C. C. H.; Darmon, J. M.; Milsmann, C.; Hoyt, H. M.; Weller, K. J.; Nye, S. 
A.; Lewis, K. M.; Boyer, J.; Delis, J. G. P.; Lobkovsky, E.; Chirik, P. J. Organometallics 
2012, 31, 4886-4893. (k) Tondreau, A. M.; Atienza, C. C. H.; Weller, K. J.; Nye, S. A.; 
Lewis, K. M.; Delis, J. G. P.; Chirik, P. J. Science 2012, 335, 567-570. (l) Ruddy, A. J.; 
Kelly, C. M.; Crawford, S. M.; Wheaton, C. A.; Sydora, O. L.; Small, B. L.; Stradiotto, 
M.; Turculet, L. Organometallics 2013, 32, 5581-5588. (m) Peng, D.; Zhang, Y.; Du, X.; 
Zhang, L.; Leng, X.; Walter, M. D.; Huang, Z. J. Am. Chem. Soc. 2013, 135, 19154-19166. 
 
(9) For representative Co hydrosilylation catalysts see: (a) Brunner, H.; Amberger, K. J. 
Organomet. Chem. 1991, 417, C63-C65. (b) Brookhart, M.; Grant, B. E. J. Am. Chem. Soc. 
1993, 115, 2151-2156. (c) Tojo, S.; Isobe, M. Tetrahedron Lett. 2005, 46, 381-384. (d) 
Yong, L.; Kirleis, K.; Butenschön, H. Adv. Synth. Catal. 2006, 348, 833-836. (e) Konno, 
T.; Taku, K.; Yamada, S.; Moriyasu, K.; Ishihara, T. Org. Biomol. Chem. 2009, 7, 1167-
1170. (f) Inagaki, T.; Phong, L. T.; Furuta, A.; Ito, J.; Nishiyama, H. Chem. Eur. J. 2010, 
16, 3090-3096. (g) Yu, F.; Zhang, X.-C.; Wu. F.-F.; Zhou, J.-N.; Fang, W.; Wu, J.; Chan, 
A. S. C. Org. Biomol. Chem. 2011, 9, 5652.  (h) Sauer, D. C.; Wadepohl, H.; Gade, L. H. 
Inorg. Chem. 2012, 51, 12948-12958. (i) Niu, Q.; Sun, H.; Li, X.; Klein, H.-F.; Flörke, U. 
Organometallics 2013, 32, 5235-5238. 
 
(10) For representative Ni hydrosilylation catalysts see: (a) Tamao, K.; Miyake, N.; Kiso, 
Y.; Kumada, M. J. Am. Chem. Soc. 1975, 97, 5603-5605. (b) Tamao, K.; Kobayashi, K.; 
Ito, Y. J. Am. Chem. Soc. 1989, 111, 6478-6480. (c) Chakraborty, S.; Krause, J. A.; Guan, 
H. Organometallics 2009, 28, 582-586. (d) Tran, B. L.; Pink, M.; Mindiola, D. J. 
Organometallics 2009, 28, 2234-2243. (e) Porter, T. M.; Hall, G. B.; Groy, T. L.; Trovitch, 
R. J. Dalton Trans. 2013, 42, 14689-14692. (f) Miller, Z. D.; Li, W.; Belderrain, T. R.; 
Montgomery, J. J. Am. Chem. Soc. 2013, 135, 15282-15285. 
 
(11) (a) Morris, R. H. Chem. Soc. Rev. 2009, 38, 2282-2291. (b) Bullock, R. M. Catalysis 
without Precious Metals; Wiley-VCH: Weinheim, Germany, 2010. (c) Junge, K.; 
Schroeder, K.; Beller, M. Chem. Commun. 2011, 47, 4849-4859. 
 
(12) Molybdenum is the only second row metal that is widely utilized in biological systems. 
For a recent review see: Hille, R.; Hall, J.; Basu, P. Chem. Rev. 2014, 114, 3963-4038. 
 
(13) Haynes, W. M. CRC Handbook of Chemistry and Physics: A Ready-reference Book 
of Chemical and Physical Data, 94th ed.; Taylor & Francis, Boca Raton, FL, 2013-2014. 
 
(14) Fuchikami, T.; Ubukata, Y.; Tanaka, Y. Tetrahedron Lett. 1991, 32, 1199-1202. 
 
44 
 
(15) Baricelli, P. J.; Melean, L. G; Ricardes, S.; Guanipa, V.; Rodriguez, M.; Romero, C.; 
Pardey, A. J.; Moya, S.; Rosales, M. J. Organomet. Chem. 2009, 694, 3381-3385. 
 
(16) (a) Bullock, R. M.; Voges, M. H. J. Am. Chem. Soc. 2000, 122, 12594-12595. (b) 
Voges, M. H.; Bullock, R. M. J. Chem. Soc., Dalton Trans. 2002, 759-770. (c) Kimmich, 
B. F. M.; Fagan, P. J.; Hauptman, E.; Bullock, R. M. Chem. Commun. 2004, 1014-1015. 
(d) Kimmich, B. F. M.; Fagan, P. J.; Hauptman, E.; Marshall, W. J.; Bullock, R. M. 
Organometallics 2005, 24, 6220-6229.  
 
(17) Namorado, S.; Antunes, M. A.; Veiros, L. F.; Ascenso, J. R.; Duarte, M. T.; Martins, 
A. M. Organometallics 2008, 27, 4589-4599. 
 
(18) (a) Adams, K. P.; Joyce, J. A.; Nile, T. A.; Patel, A. I.; Reid, C. D.; Walters, J. M. J. 
Mol. Catal. 1985, 29, 201-208. (b) Keinan, E.; Perez, D. J. Org. Chem. 1987, 52, 2576-
2580. (c) Abdelquader, W.; Ozkar, S.; Peynircioglu, N. B. Z. Naturforsch. B: Chem. Sci. 
1993, 48, 539-540. (d) Schmidt, T. Tetrahedron Lett. 1994, 35, 3513-3516. (e) Kayran, C.; 
Rouzi, P. Z. Naturforsch. B: Chem. Sci.  2001, 56, 1138-1142. (f) Stosur, M.; Symańska-
Buzar, T. J. Mol. Catal. A: Chem. 2008, 286, 98-105. 
 
(19) Dioumaev, V. K.; Bullock, R. M. Nature 2003, 424, 530-532. 
 
(20) (a) Fernandes, A. C.; Fernandes, R.; Romão, C. C.; Royo, B. Chem. Commun. 2005, 
213-214. (b) Reis, P. M.; Romão, C. C.; Royo, B. Dalton Trans. 2006, 1842-1846. (c) 
Pontes da Costa, A.; Reis, P. M.; Gamelas, C.; Romão, C. C.; Royo, B. Inorg. Chim. Acta 
2008, 361, 1915-1921. 
 
(21) Ziegler, J. E.; Du, G.; Fanwick, P. E.; Abu-Omar, M. M. Inorg. Chem. 2009, 48, 
11290-11296.  
 
(22) (a) Khalimon, A. Y.; Simionescu, R.; Kuzmina, L. G.; Howard, J. A. K.; Nikonov, G. 
I. Angew. Chem. Int. Ed. 2008, 47, 7701-7704. (b) Oeterson, E.; Khalimon, A. Y.; 
Simionescu, R.; Kuzmina, L. G.; Howard, J. A. K.; Nikonov, G. I. J. Am. Chem. Soc. 2009, 
131, 908-909. (c) Shirobokov, O. G.; Gorelsky, S. I.; Simionescu, R.; Kuzmina, L. G.; 
Nikonov, G. I. Chem. Commun. 2010, 46, 7831-7833. (d) Shirobokov, O. G.; Kuzmina, L. 
G.; Nikonov, G. I. J. Am. Chem. Soc. 2011, 133, 6487-6489. (e) Khalimon, A. Y.; Ignatov, 
S. K.; Simionescu, R.; Kuzmina, L. G.; Howard, J. A. K.; Nikonov, G. I. Inorg. Chem. 
2012, 51, 754-756. (f) Khalimon, A. Y.; Shirobokov, O. G.; Peterson, E.; Simionescu, R.; 
Kuzmina, L. G.; Howard, J. A. K.; Nikonov, G. I. Inorg. Chem. 2012, 51, 4300-4313. (g) 
Khalimon, A. Y.; Ignatov, S. K.; Okhapkin, A. I.; Simionescu, R.; Kuzmina, L. G.; 
Howard, J. A. K.; Nikonov, G. I. Chem. Eur. J. 2013, 19, 8573-8590.  
 
45 
 
(23) (a) Arias-Ugarte, R.; Sharma, H. K.; Morris, A. L. C.; Pannell, K. H. J. Am. Chem. 
Soc. 2012, 134, 848-851. (b) Sharma, H. K.; Arias-Ugarte, R.; Tomlinson, D.; Gappa, R.; 
Metta-Magaña, A. J.; Ito, H.; Pannell, K. H. Organometallics 2013, 32, 3788-3794. 
 
(24) Chakraborty, S.; Blacque, O.; Fox, T.; Berke, H. ACS Catal. 2013, 3, 2208-2217. 
 
(25) Trovitch, R. J. Synlett 2014, 25, 1638-1642. 
 
(26) Chiericato Jr., G.; Arana, C. R.; Casado, C.; Cusdrado, I.; Abruña, H. D. Inorg. Chim. 
Acta 2000, 300-302, 32-42. 
 
(27) Zeng, D.; Hampden-Smith, M. J. Polyhedron 1992, 11, 2585-2589. 
 
(28) Several complexes featuring κ2-N,N-PDI coordination have been identified. For 
crystallographically characterized examples, see: (a) Lu, S.; Selbin, J. Inorg. Chim. Acta 
1987, 134, 229-232. (b) Heard, P. J.; Tocher, D. A. J. Chem. Soc., Dalton Trans. 1998, 
2169-2176. (c) Cosquer, N.; Le Gall, B.; Conan, F.; Kerbaol, J.-M.; Sala-Pala, J.; Kubicki, 
M. M.; Vigier, E. Inorg. Chim. Acta 2006, 359, 4311-4316. 
 
(29) Hiya, K.; Nakayama, Y.; Yasuda, H. Macromolecules 2003, 36, 7916-7922. 
 
(30) de Bruin, B.; Bill, E.; Bothe, E.; Weyhermüller, T.; Wieghardt, K. Inorg. Chem. 2000, 
39, 2936-2947. 
 
(31) Knijnenberg, Q.; Gambarotta, S.; Budzelaar, P. H. M. Dalton Trans. 2006, 5442-5448. 
 
(32) PDI redox-activity has proven to be important for enabling first-row metal catalyzed 
transformations. For a leading example see: Chirik, P. J.; Wieghardt, K. Science 2010, 327, 
794-795. 
 
(33) Corn, I. R.; Astudillo-Sánchez, P. D.; Zdilla, M. J.; Fanwick, P. E.; Shaw, M. J.; Miller, 
J. T.; Evans, D. H.; Abu-Omar, M. M. Inorg. Chem. 2013, 52, 54657-5463. 
 
(34) Ben-Daat, H.; Hall, G. B.; Groy, T. L.; Trovitch, R. J. Eur. J. Inorg. Chem. 2013, 
4430-4442. 
 
(35) Complete delocalization would be expected if the electron(s) is(are) delocalized across 
the LUMO of the κ3-N,N,N-PDI chelate (see ref. 31). It is also possible that κ2-N,N-PDI 
chelates can behave as redox non-innocent ligands. For α-iminopyridine reduction see: Lu, 
C. C.; Weyhermüller, T.; Bill, E.; Wieghardt, K. Inorg. Chem. 2009, 48, 6055-6064. 
 
(36) If η1-substrate binding occurs, the steric hinderance of the carbonyl substituents would 
be further removed from the metal center.  
46 
 
 
(37) Ojima, I.; Kogure, T. Organometallics 1982, 1, 1390-1399.  
 
(38) Schneider, N.; Finger, M.; Haferkemper, C.; Bellemin-Laponnaz, S.; Hofmann, P.; 
Gade, L. H. Chem. Eur. J. 2009, 15, 11515-11529.  
 
(39) Neese, F. Orca, an Ab Initio, Density Functional and Semiempirical Electronic 
Structure Program Package, version 2.9.1; Max Planck Institute for Bioinorganic 
Chemistry: Mülheim an der Ruhr, Germany, 2012. 
 
(40) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652. (b) Lee, C. T.; Yang, W. T.; 
Parr, R. G. Phys. Rev. B 1988, 37, 785-789. 
(41) (a) Klamt, A.; Schüüramann, G. J. Chem. Soc., Perkin Trans. 2 1993, 799-805. (b) 
Sinnecker, S.; Rajendran, A.; Klamt, A.; Diedenhofen, M.; Neese, F. J. Phys. Chem. A 
2006, 110, 2235-2245. 
 
(42) Grimme, S. J. Comput. Chem. 2006, 27, 1787-1799. 
 
(43) Pantazis, D. A; Chen, X. Y.; Landis, C. R.; Neese, F. J. Chem. Theory Comput. 2008, 
4, 908-919. 
 
(44) Molekel, Advanced Interactive 3D-Graphics for Molecular Sciences, Swiss National 
Supercomputing Center. http://www.cscs.ch/molekel. 
 
47 
 
CHAPTER 2 
CONVERSION OF CARBON DIOXIDE TO METHANOL USING A C-H 
ACTIVATED BIS(IMINO)PYRIDINE MOLYBDENUM HYDROBORATION 
CATALYST 
2.1. Abstract  
Using a multistep synthetic pathway, a bis(imino)pyridine (or pyridine diimine, PDI) 
molybdenum catalyst for the selective conversion of carbon dioxide into methanol has been 
developed. Starting from (Ph2PPrPDI)Mo(CO), I2 addition afforded 
[(Ph2PPrPDI)MoI(CO)][I], which features a seven-coordinate Mo(II) center. Heating this 
complex to 100 °C under vacuum resulted in CO loss and the formation of 
[(Ph2PPrPDI)MoI][I]. Reduction of [(Ph2PPrPDI)MoI][I] in the presence of excess K/Hg 
yielded (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH following methylene group C−H activation at the 
α-position of one PDI imine substituent. The addition of CO2 to (κ6-P,N,N,N,C,P-
Ph2PPrPDI)MoH resulted in facile insertion to generate the respective η1-formate complex, 
(κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH). When low pressures of CO2 were added to 
solutions of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH containing pinacolborane, the selective 
formation of H3COBPin and O(BPin)2 was observed along with precatalyst regeneration. 
When HBPin was limited, H2C(OBPin)2 was observed as an intermediate and (κ6-
P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) remained present throughout CO2 reduction. The 
hydroboration of CO2 to H3COBPin was optimized and 97% HBPin utilization by 0.1 mol 
% (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH was demonstrated over 8 h at 90 °C, resulting in a 
methoxide formation turnover frequency (TOF) of 40.4 h−1 (B−H utilization TOF = 121.2 
h−1). Hydrolysis of the products and distillation at 65 °C allowed for MeOH isolation. The 
mechanism of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH mediated CO2 hydroboration is presented 
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in the context of these experimental observations. Notably, (κ6-P,N,N,N,C,P-
Ph2PPrPDI)MoH is the first Mo hydroboration catalyst capable of converting CO2 to MeOH, 
and the importance of this study as it relates to previously described catalysts is discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reprinted with the permission from Pal, R.; Groy, T. L.; Trovitch, R. J. Inorganic 
Chemistry 2015, 54, 7506-7515. Copyright 2015 American Chemical Society. 
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2.2. Introduction1a 
For more than a century, developed nations have relied on fossil fuel combustion to 
satisfy a large fraction of their energy demands.1b As a result, atmospheric CO2 
concentrations have climbed by 36% over 250 years2 and an additional 30 Gt of CO2 are 
released into the atmosphere annualy.3 Moreover, increasing atmospheric CO2 
concentrations have been linked to environmental consequences that include higher global 
temperatures,4 rising sea levels,5 and ocean acidification.6 Diverse and complimentary 
approaches to mitigating these effects by reducing CO2 emissions are being considered
7,8 
and the conversion of CO2 into value-added products has become an increasingly relevant 
area of chemical research.9-11 Syntheses that rely on CO2 as a carbon-based feedstock are 
industrially desirable since this molecule is abundant, inexpensive, and renewable.12 These 
characteristics have led to CO2 utilization for the production of urea (70 Mt/yr), inorganic 
carbonates (30 Mt/yr), and salicylic acid (20 Mt/yr);13 however, the efficient and selective 
reduction of CO2 into suitable fossil fuel alternatives is an unresolved challenge that 
continues to draw interest from the scientific community.14 
Efficient homogeneous catalysts for the conversion of CO2 into formic acid,
15 
formaldehyde (or formaldehyde-derived oligomers and derivatives),16 methanol,17-26 and 
methane27 have only recently been developed. Of these products, methanol is the most 
appropriate transportation fuel for our existing energy infrastructure since it is a liquid 
under ambient conditions with an energy density of 22.7 MJ/kg.28 Although H2 is an ideal 
reductant in terms of cost and atom efficiency, the hydrogenation of CO2 to MeOH using 
homogeneous Ru catalysts has been hindered by a lack of selectivity17 and activity at 
elevated temperatures (140-155 °C).18 Silanes have been used to achieve Ir-19 and Ru-
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catalyzed20 conversion of CO2 into methoxysilanes; however, a limited turnover number 
(TON) for selective methoxide group formation was reported in each case (TON = 3 for 
Ir19; 32 for Ru20). Free N-heterocyclic carbenes have also been found to mediate the 
reduction of CO2 into Ph2Si(OMe)2 and Ph2HSiOSiHPh2 at ambient temperature 
(methoxide formation TON of 6 over 24 h).21 
While reducing CO2 to the methoxide level using H2 and silanes has been met with 
limited success, borane reagents have proven to be highly effective for this transformation. 
Depending on the nature of the borane, frustrated Lewis pairs,22 alkali metal23 and alkaline 
earth metal24 reagents have all been found to catalyze the hydroboration of CO2 to the 
respective methoxyborane. To date, only two well-defined transition metal catalyst systems 
have been found to selectively mediate this transformation, (RPOCOP)NiH25 [R = tBu25 
(Fig. 2.1, A), iPr,25b,c or cPe25b,c] and [(κ5-P,P,N,N,O-
(iPr2PNH(CH2)2)2N((CH2)2NP
iPr2CO2)Ru][BPh4]
26 (Fig. 2.1, B). Using 0.2 mol% A 
relative to HBPin under 1 atm CO2, complete conversion to H3COBPin and O(BPin)2 was 
observed within 1 h at ambient temperature (methoxide formation TOF = 165 h-1, B-H 
utilization TOF = 495 h-1).25a Complex B was found to be a comparatively inefficient 
catalyst for this transformation (TON = 9 after 96 h at 50 °C).26  
 
Figure 2.1. Previously described transition metal catalysts for the hydroboration of CO2 
to methoxyborane.25,26 
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In the previous chapter, we reported that (Ph2PPrPDI)Mo(CO) (2) catalyzes C=O bond 
hydrosilylation with TOFs of up to 330 h-1 at 90 °C.30 Having determined that this 
transformation occurs by way of phosphine substituent dissociation, we hypothesized that 
(κ5-P,P,P,N,N-Ph2PPrPDI)Mo-L (L = weakly coordinating neutral ligand) complexes may 
exhibit superior carbonyl reduction activity relative to 2.30 Continuing our investigation of 
(Ph2PPrPDI)Mo complexes, this contribution describes the preparation of a 7-coordinate Mo 
hydride complex following chelate C-H activation, in addition to its utility as a CO2 
reduction catalyst. 
2.3. Results and Discussion1a 
2.3.1. Synthesis and Characterization 
Having recently reported the preparation of 230 (Fig. 2.2) from Ph2PPrPDI31 and Mo(CO)6, 
a synthetic pathway for CO-free analogues was sought. Refluxing toluene solutions of 2 
under vacuum for days failed to result in CO loss.30 Therefore, we hypothesized that 
oxidizing 2 would diminish Mo-CO backbonding and render this ligand susceptible to 
dissociation. Addition of stoichiometric I2 to a toluene solution of 2 resulted in precipitation 
of a purple solid within hours of stirring at ambient temperature. Isolation of the product 
and analysis by 31P NMR spectroscopy revealed two doublets centered at 37.92 and 37.52 
ppm, indicating that both phosphine arms remain coordinated to the Mo center. The 1H and 
13C NMR spectra collected for this complex were also indicative of left-to-right Ph2PPrPDI 
inequivalence. Importantly, a pseudo triplet was observed at 238.4 ppm (JPC = 20.5 Hz) in 
the 13C NMR spectrum and infrared spectroscopy revealed a single CO stretch at 1826 cm-
1. Taken together, this data suggests that I2 addition to 2 results in formation of the seven-
coordinate Mo(II) complex, [(Ph2PPrPDI)MoI(CO)][I] (3, Fig. 2.2).32 
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Figure 2.2. Synthetic scheme for [(Ph2PPrPDI)MoI][I] (4) from (Ph2PPrPDI)Mo(CO) (2). 
 Relative to 2 (νCO = 1740 cm-1),30 complex 3 (νCO = 1826 cm-1) exhibits significantly 
weakened Mo-CO backbonding and heating a THF solution of the latter to 100 °C for 24 
h resulted in CO dissociation and formation of an amber-colored complex identified as 
[(Ph2PPrPDI)MoI][I] (4, Fig. 2.2). Analysis by IR and 13C NMR spectroscopy revealed no 
evidence of CO coordination and the 31P NMR spectrum of 4 was found to feature a single 
resonance at 6.18 ppm, indicating equivalent phosphine environments. Furthermore, 
complexes 2 (bright pink), 3 (purple), and 4 (amber) are readily distinguishable by UV-
visible spectroscopy (Fig. 2.3 and Table 2.1). The spectrum of 2 is dominated by charge 
transfer bands with maxima at 299, 345, 399, and 537 nm; all of which have molar 
absorptivity values of greater than 10,000 M-1cm-1. Two-electron oxidized 3 features 
comparatively weak charge transfer bands at 328 (ε = 5,410), 410 (ε = 2,580), and 541 nm 
(ε = 7,250). Finally, complex 4 exhibits a predominant charge transfer band at 452 nm (ε 
= 2,210) with a shoulder at 527 nm (ε = 1,072). 
The solid state structure of 4 (Fig. 2.4) was determined by single crystal X-ray 
diffraction and noteworthy metrical parameters are provided in Table 2.2. The geometry 
about Mo can best be described as distorted octahedral with N(1)-Mo(1)-N(3) and P(1)- 
Mo(1)-P(2) angles of 141.6(4) and 169.30(7) °, respectively. Inspection of the PDI chelate 
imine N=C distances reveals considerable elongation [1.324(15) and 1.332(16) Å] relative 
53 
 
to unreduced PDI ligands (1.28 Å).33 The C(2)-C(3) and C(7)-C(8) distances determined 
for 4 of 1.442(17) and 1.401(18) Å, respectively, are also significantly contracted from the 
Cimine-Cpyridine bond lengths found for unreduced chelates (1.50 Å).
33 Comparable Cimine-
Cpyridine distances reported for [(
iPr2ArBPDI)Mo(N2)]2(μ2,η1,η1-N2) of 1.421(5) and 1.437(5) 
Å have recently been assigned to two-electron reduction of the chelate;34 however, this 
complex features a geometry in which Mo does not lie in the idealized PDI chelate plane.  
 
Figure 2.3. Absorption spetra comparison of 2, 3, and 4. Molar absorptivity values have 
been determined from 5 independent concentrations and are tabulated in Table 2.1. 
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Table 2.1. Wavelengths of maximum absorption (λmax) and extinction coefficients (ε) for 
each complex analyzed by UV-vis spectroscopy. 
Complex λmax (nm) ε (M
-1 cm-1) 
   
(Ph2PPrPDI)Mo(CO) 299 17,770 
 345 10,520 
 399 10,030 
 537 13,550 
 723 1,619 
   
[(Ph2PPrPDI)MoI(CO)][I] 328 5,410 
 410 2,580 
 541 7,250 
   
[(Ph2PPrPDI)MoI][I] 452 2,210 
 527 1,070 
 735 280 
   
As we have previously described, d-orbital radial expansion enhances second-row metal 
backbonding such that redox non-innocent ligand LUMOs are greatly destabilized, 
rendering their population unlikely.30,31,35 For this reason, we refrain from assigning the  
Ph2PPrPDI chelate of 4 as redox-active (i.e., reduced by one or more electrons), even though 
Ph2PPrPDI is known to be redox-active when coordinated to formally zerovalent Mn.36-37 
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Figure 2.4. The solid state structure of 4 shown at 30% probability ellipsoids. Hydrogen 
atoms and I- counterion are omitted for clarity. 
Table 2.2. Notable bond lengths (Å) and angles (°) determined for 4. 
      3 
Mo(1)-N(1) 2.036(11) 
Mo(1)-N(2) 2.112(10) 
Mo(1)-N(3) 2.077(10) 
Mo(1)-P(1) 2.472(3) 
Mo(1)-P(2) 2.453(3) 
Mo(1)-I(1) 2.7810(17) 
N(1)-C(2) 1.332(16) 
N(3)-C(8) 1.324(15) 
C(2)-C(3) 1.442(17) 
C(7)-C(8) 1.401(18) 
  
N(1)-Mo(1)-N(3) 141.6(4) 
P(1)-Mo(1)-P(2) 169.30(7) 
N(2)-Mo(1)-I(1) 178.2(3) 
Having isolated and characterized 4, its reduction to an appropriate catalyst precursor r 
was explored. Adding an excess of K/Hg to 4 in THF afforded a green solution after 2 d at 
ambient temperature. Upon workup, the resulting product was analyzed by multinuclear 
NMR spectroscopy. The 1H NMR spectrum of this complex was found to feature two 
unique backbone methyl resonances at 2.88 and 2.50 ppm, indicating left-to-right Ph2PPrPDI 
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inequivalence. A set of methylene-derived resonances was also shifted downfield to 4.85 
and 4.77 ppm. Further inspection by gHSQCAD revealed that the 1H resonance at 4.77 
ppm was correlated to a newly formed C−H environment (54.9 ppm, suggesting 
concomitant Mo−H formation) while 1H resonances at 5.44 and 4.85 ppm were associated 
with a 13C NMR resonance at 57.8 ppm (Fig. 2.25). Collecting 1H-coupled 13C data 
confirmed that the resonance centered at 54.9 ppm is a doublet (JCH = 171.12 Hz), 
indicating it is bound to a single hydrogen atom (Fig. 2.26).39 Attempts to locate a Mo−H 
resonance by COSY or NOESY NMR spectroscopy were unsuccessful. The 31P NMR 
spectrum of this product featured two sets of doublets at 46.93 and 57.94 ppm (JPP = 97.2 
Hz), further supporting static left-to-right Ph2PPrPDI inequivalence. Taken together, NMR 
spectroscopic data indicates that reduction of 4 using K/Hg affords the C−H activated 
Mo(II) product, (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5, Fig. 2.5). 
 
Figure 2.5. Synthesis of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) from [(Ph2PPrPDI)MoI][I] (4). 
 
To confirm the unusual coordination environment proposed for 5, the solid state 
structure of this complex was determined by single crystal X-ray diffraction. As illustrated 
in Fig. 2.6, the geometry about Mo can best be described as distorted pentagonal 
bipyramidal. Due to the rigidity of the C-H activated propylene arm of Ph2PPrPDI, the 
phosphine donors are restricted from linearity with a P(1)-Mo(1)-P(2) angle of 152.91(7) 
°. The N(1)-Mo(1)-N(3) angle of 144.3(2) ° is similar to the one observed for 4; however, 
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the angle defined by N(1)-Mo(1)-C(10) is only 38.0(2) °. Interestingly, C-H activation 
affords a Mo(1)-C(10) bond distance of 2.259(8) Å and the trans-influence of this alkyl is 
responsible for a relatively long Mo(1)-N(3) contact of 2.121(6) Å. The C(10)-N(1) 
distance of 1.399(9) Å is indicative of a single bond and the proximity of C(10) to Mo(1) 
forces a fairly short Mo(1)-N(1) contact of 1.940(7) Å. Although the in-plane PDI bond 
precision determined for 5 is poorer than desired for electronic structure discussion, the 
C(2)-C(3) and C(7)-C(8) distances of 1.406(10) and 1.408(11) Å, respectively, indicate 
that a significant amount of electron density is being transferred from Mo to the ligand 
framework. 
Figure 2.6. The solid state structure of 5 shown at 30% probability ellipsoids. Hydrogen 
atoms other than H1M and a partially occupied toluene molecule are omitted for clarity. 
 
 
 
 
 
 
58 
 
Table 2.3. Notable bond lengths (Å) and angles (°) determined for 5. 
      5 
Mo(1)-N(1) 1.940(7) 
Mo(1)-N(2) 2.072(5) 
Mo(1)-N(3) 2.121(6) 
Mo(1)-P(1) 2.448(2) 
Mo(1)-P(2) 2.433(2) 
Mo(1)-H(1M) 1.75(8) 
Mo(1)-C(10) 2.259(8) 
C(10)-N(1) 1.399(9) 
N(1)-C(2) 1.324(9) 
N(3)-C(8) 1.374(9) 
C(2)-C(3) 1.406(10) 
C(7)-C(8) 1.408(11) 
  
N(1)-Mo(1)-C(10) 38.0(2) 
N(1)-Mo(1)-N(3) 144.3(2) 
P(1)-Mo(1)-P(2) 152.91(7) 
N(3)-Mo(1)-C(10) 176.8(3) 
 
2.3.2. CO2 Functionalization  
Considering that CO2 insertion into Mo-H bonds has been well-documented,
39 its 
addition to 5 was investigated. When 0.2 atm of CO2 was admitted to a J. Young tube 
containing a frozen benzene-d6 solution of 5 (0 °C), complete conversion to a new complex 
was observed by multinuclear NMR spectroscopy after 10 min at 25 °C (Fig. 2.7).  
 
 
 
Figure 2.7. Synthesis of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6) from (κ6-
P,N,N,N,C,P-Ph2PPrPDI)MoH (5). 
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The 1H NMR spectrum of the product featured resonances consistent with left-to-right 
chelate inequivalence in addition to a sharp singlet at 9.14 ppm. This resonance, along with 
a newly observed 13C NMR resonance at 169.7 ppm,39a is consistent with formation of the 
respective formate complex, (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6, Fig. 2.7). 
Complex 6 is believed to possess a η1-formate ligand since this binding mode renders it an 
18-electron complex. Infrared spectroscopy revealed a formate C=O stretch at 1625 cm-1 
(KBr), providing further support for η1-coordination. In the absence of reducing agent, the 
addition of more than 0.2 atm CO2 to 5 at 0 °C has been found to result in decomposition 
by way of chelate loss. 
Having determined that CO2 insertion into the Mo−H bond of 5 is facile, the 
stoichiometric reduction of CO2 was attempted in the presence of excess HBPin. Upon 
adding 20 eq. of HBPin relative to 5 in benzene-d6 and exposing the solution to 0.2 atm of 
CO2, reaction progress was monitored by NMR spectroscopy. After 3 d at 25 °C, small 
quantities of H3COBPin and O(BPin)2 were identified (Fig. 2.8). Realizing that reduction 
beyond the formate level was slow under these conditions (6 remained observable by 31P 
NMR spectroscopy, Fig. 2.9), the reaction was heated to 60 °C and continued monitoring 
over 2 d revealed near quantitative conversion of CO2 to H3COBPin and O(BPin)2 by 
1H 
NMR spectroscopy (Fig. 2.10). The collection of 31P NMR spectroscopic data confirmed 
that 5 is regenerated in the absence of CO2 (Fig. 2.11). 
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Figure 2.8. 1H NMR spectra illustrating the slow conversion of CO2 to H3COBPin and 
O(BPin)2 over 3 d at 25 °C using 5. 
 
 
 
Figure 2.9. 1H NMR spectra illustrating the slow conversion of 6 to 5 over 3 d at 25 °C.  
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Figure 2.10. 1H NMR spectra illustrating the stoichiometric conversion of CO2 to 
H3COBPin and O(BPin)2 over 2 d at 60 °C using 5. 
 
 
 
Figure 2.11. 31P NMR spectra illustrating the conversion of 6 to 5 over 2 d at 60 °C. 
 
Since conversion remained slow at 60 °C and CO2 was the limiting reagent at 0.2 atm, 
attempts were made to optimize this transformation. Upon adding 1 atm of CO2 to a J. 
Young tube containing a benzene-d6 solution of 100 eq. HBPin relative to 5 at -70 °C, the 
reaction was heated to 90 °C and monitored spectroscopically. After 2 h, most of the HBPin 
had been consumed and a mixture of H2C(OBPin)2, H3COBPin, and O(BPin)2 was 
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observed in a 2:1:2 ratio by 1H NMR spectroscopy (Fig. 2.12). After 5 h at 90 °C, the 
product mixture consisted only of H3COBPin and O(BPin)2 as judged by 
1H (Fig. 2.12) and 
11B NMR spectroscopy (Fig. 2.14). Repeating the reaction in the absence of 5 did not result 
in CO2 reduction. Since phosphine-promoted CO2 hydroboration has been reported in the 
presence of 9-BBN,22c,d a control experiment employing 1 mol% Ph2PPrPDI was conducted. 
This experiment did not afford H3COBPin; however, a minimal amount (3%) of HCO2BPin 
was detected by 1H and 11B NMR spectroscopy after 5 h at 90 °C (Fig. 2.15 and 2.16). 
Employing 1 mol% 5 under these conditions affords a methoxide formation TON of 33 (99 
based on B-H) and TOF of 6.6 h-1 (B-H utilization TOF = 19.8 h-1). The observation of 
H2C(OBPin)2 under excess CO2 at low HBPin concentrations is also important from a 
mechanistic standpoint. 
  
Figure 2.12. 1H NMR spectra of 5-mediated CO2 hydroboration over the course of 5 h at 
90 °C. 
63 
 
To explore the full synthetic utility of this transformation, a thick-walled glass bomb 
was charged with 0.1 mol% 5 in neat HBPin and 1 atm of CO2 was added at -70 °C (Fig. 
2.13). After heating to 90 °C for 8 h, analysis by 1H NMR spectroscopy revealed greater 
than 99% B-H bond utilization to selectively generate H3COBPin and O(BPin)2, equating 
to a 5-mediated CO2 to methoxide TOF of 41.3 h
-1 (123.8 h-1 relative to B-H; TON = 330) 
(Fig. 2.17). The product mixture was then treated with deionized H2O, and upon stirring 
for 24 h, fractional distillation at 65 °C yielded MeOH (0.022 g, 58% isolated yield relative 
to HBPin, Fig. 2.18 and 2.19). The low catalyst loading and solvent-free conditions used 
to achieve this transformation are advantageous from a sustainability perspective. 
 
Figure 2.13. Overall reaction of 5-mediated CO2 hydroboration over the course of 8 h at 
90 °C. 
 
 
Figure 2.14. 11B NMR spectrum of CO2 hydroboration using 0.1 mol% 5 after 8 h at 90 
°C. 
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Figure 2.15. 1H NMR spectrum of attempted CO2 hydroboration using 1.0 mol% 
Ph2PPrPDI as a catalyst in benzene-d6. 
 
Figure 2.16. 11B NMR spectrum of attempted CO2 hydroboration using 1.0 mol% 
Ph2PPrPDI as a catalyst in benzene-d6. 
 
Figure 2.17. 1H NMR spectrum of CO2 hydroboration using 0.1 mol% 5 after 8 h at 90 
°C in benzene-d6. 
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Figure 2.18. 1H NMR spectrum of distilled methanol from the hydrolysis of CO2 
hydroboration products using 0.1 mol% 5 in benzene-d6. 
 
Figure 2.19. 13C NMR spectrum of distilled methanol from the hydrolysis of CO2 
hydroboration products using 0.1 mol% 5 in benzene-d6. 
2.4. Mechanism of Hydroboration1a  
Upon investigating the 5-mediated hydroboration of CO2 to methoxyborane under a 
range of conditions, a mechanistic pathway consistent with our experimental observations 
is proposed (Fig. 2.20). Starting from 5, the insertion of CO2 generates catalyst resting state 
6. Incoming HBPin undergoes σ-bond metathesis with the Mo-O bond of 6 to regenerate 5 
and yield the respective borylformate, HCO2BPin. The carbonyl functionality of this 
intermediate may competitively coordinate since it remains in solution, and its insertion 
into the Mo-H bond of 5 results in the respective alkoxide intermediate, (κ6-P,N,N,N,C,P-
Ph2PPrPDI)Mo(OCH2OBPin) (Fig. 2.20, bottom right). This complex has not been observed 
while monitoring CO2 hydroboration in the presence of low HBPin concentrations, 
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suggesting that σ-bond metathesis with HBPin to generate H2C(OBPin)2 is facile. The 
methoxyborane product, H3COBPin, may then be prepared by way of σ-bond metathesis 
between the Mo-H bond of 5 and a C-O bond of H2C(OBPin)2. This pathway would also 
result in the formation of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OBPin) (Fig. 2.20, bottom left). 
This complex is also not observed and is proposed to react with HBPin to liberate O(BPin)2 
and reform 5. 
 
Figure 2.20. Proposed mechanism of 5-mediated CO2 hydroboration. 
Although the mechanism presented in Fig. 2.20 is similar to those proposed for alkaline 
earth metal24 and Ni25,40 catalyzed CO2 hydroboration, our observations suggest that 
H3COBPin is formed through a slightly different reaction pathway. Hall and co-workers 
suggested that heating H2C(OBPin)2 to 60 °C might result in its conversion to 
formaldehyde and O(BPin)2 by way of 1,2-elimination.
24 Alternatively, computational 
efforts by Wang and Guan have indicated that β-boroxide elimination from 
(PCP)Ni(OCH2OBCat) is responsible for the formation of OCH2 and (PCP)Ni(OBCat).
40 
It must also be mentioned that OCH2 has been observed during Ru-catalyzed CO2 
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hydroboration, allowing for the isolation of formalin.16a The possibility that OCH2 is 
formed during 5-mediated CO2 reduction cannot be discounted; however, spectroscopic 
evidence of its formation has not been observed under a range of conditions. When 5-
catalyzed hydroboration was conducted at low HBPin concentration, a buildup of 
H2C(OBPin)2 was noted (Fig. 2.12), suggesting that alkoxide intermediate (κ6-
P,N,N,N,C,P-Ph2PPrPDI)Mo(OCH2OBPin) does not undergo β-boroxide elimination to give 
OCH2 and (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OBPin). Since accumulation of H2C(OBPin)2 
occurs at 90 °C, the breakdown of this intermediate to yield OCH2 is either slow or not 
occurring under our reaction conditions. Rather, it is proposed that σ-bond metathesis 
between H2C(OBPin)2 and the Mo-H bond of 5 to yield H3COBPin is slow in the presence 
of excess CO2 since 6 is observed spectroscopically.  
2.5. Catalyst Comparison and Intricacies1a  
To put the utility of 5 as a CO2 to MeOH conversion catalyst into context, a comparison 
to previously reported hydroboration catalysts is warranted. Considering well-defined 
transition metal catalysts, (tBuPOCOP)NiH25 (Fig. 2.1, A) remains the most efficient for the 
conversion of CO2 to H3COBCat, exhibiting a methoxide formation TOF of 165 h
-1 at 
ambient temperature.25 Comparatively, 5 was found to mediate slow methoxide formation 
at ambient temperature and heating to 90 °C was required to reach an appreciable 
methoxide formation TOF (41.3 h-1). The methoxide formation TON of 330 achieved using 
0.1 mol% 5 relative to borane is far greater than the TON of 9 achieved using the 
tris(aminophosphine)Ru hydroboration catalyst reported by Sgro and Stephan (Fig. 2.1, 
B);26 however, the efficacy of the latter catalyst was not assayed at 90 °C. Finally, Sabo-
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Etienne and co-workers have demonstrated that (Cy3P)2RuH2(H2)2 is capable of producing 
small quantities of H3COBPin under mild conditions, albeit in a non-selective fashion.
16  
Although 5 is less efficient than the Ni hydroboration catalysts developed by Guan,25 
the chemistry described herein is rather unique. Surprisingly, Ph2PPrPDI chelate C-H 
activation was found to result in the formation of an alkyl ligand that possesses a β-
methylene group. The H atoms of this group do not participate in β-hydride elimination, 
even at temperatures up to 90 °C. We believe that the Mo center is simply unable to access 
these atoms due to the rigidity of the metallacyclopentane ring which they are a part of.41 
It is also notable that the Mo-C bond of 5 is inert towards carbonyl insertion pathways and 
B-H σ-bond metathesis throughout the course CO2 hydroboration. It must be stressed that 
the synthesis and reactivity of 5 are made possible by the diphenylphosphinopropyl arms 
of Ph2PPrPDI. These substituents have enabled distinct reduction chemistry from that 
reported for aryl-substituted (PDI)Mo complexes,34 and the high degree of modularity 
achievable for donor-substituted PDI chelates is expected to yield unprecedented structures 
and reactivity in future catalyst development studies.  
2.6. Conclusion1a  
The synthesis, characterization, and catalytic properties of the first well-defined Mo 
catalyst for the reduction of CO2 to MeOH have been established. The oxidative addition 
of I2 to 2 was found to weaken metal-to-ligand backbonding, enabling CO dissociation and 
concomitant preparation of the respective diiodide complex, 4. The reduction of 4 using 
K/Hg resulted in intramolecular C-H activation of the chelate to yield 5. By single crystal 
X-ray diffraction, this precatalyst was found to possess a distorted pentagonal bipyramidal 
geometry due to the formation of a persistent metallacyclopentane. The addition of CO2 to 
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5 revealed facile insertion to yield 6, which possesses an η1-formate ligand. The utilization 
of 5 as a CO2 reduction catalyst in the presence of HBPin resulted in the selective formation 
of H3COBPin and O(BPin)2 over a range of temperatures. This reaction was optimized such 
that 0.1 mol% 5 was employed in the absence of solvent at 90 °C, allowing a methoxide 
formation turnover frequency (TOF) of 41.6 h-1 (B-H utilization TOF = 125 h-1) and the 
isolation of MeOH following hydrolysis. Finally, the mechanism of 5-mediated CO2 
hydroboration has been proposed to proceed through a series of insertion and σ-bond 
metathesis events which are enabled by chelate C-H activation. 
2.7. Experimental Details1a 
2.7.1. General Considerations 
All synthetic manipulations were performed in an MBraun glovebox under an 
atmosphere of purified nitrogen. Pentane, toluene, diethyl ether and tetrahydrofuran were 
purchased from Sigma Aldrich, dried using a Pure Process Technology (PPT) solvent 
system, and stored in the glove box over activated 4Å molecular sieves and metallic sodium 
(Alfa Aeser) before use. Benzene-d6, acetone-d6, and acetonitrile-d3 were obtained from 
Cambridge Isotope Laboratories and dried over 4Å molecular sieves and metallic 
potassium (purchased from Sigma-Aldrich) prior to use. 2,6-Diacetylpyridine and Celite 
were purchased from TCI America and Acros, respectively. Mo(CO)6 and 3-
(diphenylphosphino)propylamine were purchased from Strem Chemicals and 4,4,5,5-
tetramethyl-1,2,3-dioxaborolane (HPin) was used as received from Sigma-Aldrich. Carbon 
dioxide was used as received from Praxair. Ph2PPrPDI31 and (Ph2PPrPDI)Mo(CO) (2)30 were 
prepared according to literature procedures. Solution phase 1H, 13C, 11B, and 31P nuclear 
magnetic resonance (NMR) spectra were recorded at room temperature on either a 400 
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MHz or 500 MHz Varian NMR Spectrometer. All 1H and 13C NMR chemical shifts are 
reported relative to Si(CH3)4 using 
1H (residual) and 13C chemical shifts of the solvent as 
secondary standards. 31P and 11B NMR data are reported relative to H3PO4 and 0.01 M 
boric acid in water respectively. IR spectroscopy was conducted on Bruker VERTEX 70 
spectrometer with an MCT detector. Elemental analyses were performed at Robertson 
Microlit Laboratories Inc. (Ledgewood, NJ). UV-visible spectra were collected on an 
Agilent 8453 spectrophotometer.  
2.7.2. X-ray Crystallography  
Single crystals suitable for X-ray diffraction were coated with polyisobutylene oil in the 
glovebox and transferred to glass fiber with Apiezon N grease before mounting on the 
goniometer head of a Bruker APEX Diffractometer (Arizona State University) equipped 
with Mo Kα radiation. A hemisphere routine was used for data collection and determination 
of the lattice constants. The space group was identified and the data was processed using 
the Bruker SAINT+ program and corrected for absorption using SADABS. The structures 
were solved using direct methods (SHELXS) completed by subsequent Fourier synthesis 
and refined by full-matrix, least-squares procedures on [F2] (SHELXL). Attempts to refine 
an inversion twin for 4 resulted in a twin fraction of 0.00166, which was therefore removed 
from the final refinement. The solid state structure of 5 features a disordered phenyl ring 
that has been modelled as two partially occupied rings with restrictions placed on thermal 
parameters and bond distances. For 5, two large electron density peaks were located within 
1.2 Å of Mo but were not modelled as H atoms due to their proximity to existing Mo-N 
bonds.  
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2.7.3. Synthesis of [(Ph2PPrPDI)MoI(CO)][I] (3)  
In a nitrogen filled glove box, a 20 mL reaction vial was charged with 0.10 g (0.135 
mmol) of 2 and 10 mL of toluene. To the pink solution, 0.036 g (0.135 mmol) of iodine 
dissolved in 5 mL of toluene was slowly added while stirring. A purple solid precipitated 
within 5 min of stirring. After 5 h, the reaction mixture was filtered through a sintered frit 
to remove the purple solid. After washing with toluene and ether and drying under vacuum, 
0.127 g (0.128 mmol, 95%) of a purple solid identified as 3 was isolated. Anal. calcd. for 
C40H41N3I2OMoP2·C4H8O: C, 49.68, H, 4.64, N, 3.95. Found: C, 49.81; H, 4.38; N, 4.30. 
1H NMR (acetone-d6, 400 MHz): 8.46 (d, 8.0 Hz, 1H, Py), 8.33 (d, 8.0 Hz, 1H, Py), 8.01 
(t, 8.0 Hz, 1H, Py), 7.77 (t, 6.8 Hz, 2H, Ph), 7.57 (m, 2H, Ph), 7.48 (t, 8.4 Hz, 2H, Ph), 
7.36 (m, 2H, Ph), 7.20 (m, 6H, Ph), 6.99 (t, 8.0 Hz, 2H, Ph), 6.92 (t, 8.4 Hz, 2H, Ph), 6.31 
(t, 8.8 Hz, 2H, Ph), 4.48 (d, 12.0 Hz, 1H, CH2), 4.24 (d, 12.0 Hz, 1H, CH2), 4.03 (t, 12.0 
Hz, 1H, CH2), 3.41 (t, 12.0 Hz, 1H, CH2), 2.98 (m, 3H, CH2), 2.64 (d, 2.4 Hz, 3H, CH3), 
2.57 (m, 1H, CH2), 2.34 (m, 2H, CH2), 2.31 (s, 3H, CH3), 2.19 (m, 2H, CH2). 
13C NMR 
(acetone-d6, 100.49 MHz): 238.4 (pseudo t, JCP = 20.5 Hz, CO), 176.6 (Py), 175.8 (Py), 
155.4 (C=N), 153.8 (C=N), 142.8 (d, JCP = 161.0, Ph), 135.4 (d, JCP = 15.0 Hz, Ph), 133.7 
(d, JCP = 13.8 Hz, Ph), 133.5 (d, JCP = 10.8 Hz, Ph), 133.2 (Py), 132.3 (d, JCP = 26.2 Hz, 
Ph), 130.8 (d, JCP = 13.3 Hz, Ph)), 130.5 (d, JCP = 15.2 Hz, Ph), 130.5 (d, JCP = 30.3 Hz, 
Ph), 129.1 (d, JCP = 14.7 Hz, Ph), 128.2 (Py), 128.1 (d, JCP = 7.9 Hz, Ph), 127.2 (Py), 61.4 
(NCH2), 59.3 (NCH2), 28.2 (d, JCP = 46.6 Hz, CH2CH2P), 26.9 (d, JCP = 3.9 Hz, CH2CH2P), 
26.1 (d, JCP = 5.2 Hz, CH2CH2P), 25.9 (d, JCP = 36.7 Hz, CH2CH2P), 17.3 (CH3), 17.13 (t, 
JCP = 4.0 Hz, CH3).  
31P NMR (acetone-d6, 161.78 MHz):  39.6 (d, JPP = 13.7 Hz), 39.2 
(d, JPP = 13.7 Hz). IR (KBr pellet): CO =1826 cm-1. 
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Figure 2.21. 31P NMR spectrum of [(Ph2PPrPDI)MoI(CO)][I] (3) in acetone-d6. 
2.7.4. Synthesis of [(Ph2PPrPDI)MoI][I] (4)  
In a nitrogen filled glove box, a 100 mL thick-walled reaction bomb was charged with 
0.080 g (0.080 mmol) of 3 dissolved in 20 mL THF and a magnetic stir bar. The sealed 
bomb was frozen in liquid nitrogen and degassed on a Schlenk line before being refluxed 
at 100 °C in a preheated oil bath. A brownish-amber color solid began to precipitate within 
2 h of stirring. After 12 h, the reaction mixture was allowed to cool at room temperature 
and was once again degassed on the Schlenk line. Once the liberated CO gas was removed, 
the reaction was allowed to reflux for 24 h at 100 °C to ensure reaction completion. After 
removing CO in the same way, the bomb was brought inside the glove box and an amber 
solid was isolated on top of a sintered frit. The product was washed with THF, ether, and 
pentane, and dried under vacuum to yield 0.053 g (0.055 mmol, 68%) of an amber solid 
identified as 4. Single crystals suitable for X-ray diffraction were grown from a 
concentrated solution in acetone/THF at -35 °C. Anal. calcd. for C39H41N3I2MoP2: C, 
48.61, H, 4.29; N, 4.36; Found: C, 48.35; H, 4.13; N, 4.13. 1H NMR (acetonitrile-d3, 400 
MHz):  7.46 (t, 8.0 Hz, 1H, Py), 7.30 (m, 7H, Ph), 6.92 (t, 7.2 Hz, 2H, Ph), 6.72 (t, 7.6 
Hz, 4H, Ph), 6.45 (d, 8.0 Hz, 2H, Py), 6.01 (d, 7.2 Hz, 3H, Ph), 5.55 (t, 14.4 Hz, 2H, Ph), 
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5.01 (d, 14.4 Hz, 2H, Ph), 3.98 (s, 6H, CH3), 3.51 (m, 1H, CH2), 3.28 (t, 7.2 Hz, 1H, CH2), 
3.14 (m, 2H, CH2), 2.93 (m, 2H, CH2), 2.81 (m, 2H, CH2), 2.62 (m, 2H, CH2), 1.88 (m, 
2H, CH2). 
13C NMR (acetonitrile-d3, 100.49 MHz):  156.9 (C=N), 138.4 (Py), 133.6 (Ph), 
131.4 (Py), 130.3 (Ph), 129.6 (Ph), 128.7 (Py), 127.2 (Ph), 118.8 (Py), 57.2 (NCH2CH2), 
28.1 (PCH2CH2), 26.4 (PCH2CH2), 15.4 (CH3). 
31P NMR (acetonitrile-d3, 161.78 MHz):  
6.18 (s). 
 
Figure 2.22. 31P NMR spectrum of [(Ph2PPrPDI)MoI][I] (4) in acetonitrile-d3. 
2.7.5. Synthesis of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5)  
In a nitrogen filled glove box, a 20 mL reaction vial was charged with 4.2 g of mercury 
and 3 mL of THF. To it, 0.016 g of freshly cut metallic potassium was added and stirred 
for 30 min to form clear potassium amalgam solution. To the solution, 0.078 g (0.081 
mmol) of 4 in 10 mL of THF was slowly added and the mixture was allowed to stir at 
ambient temperature for 3 d. The resulting green solution was filtered through Celite and 
the solvent was removed in vacuo to yield a green solid. After washing with pentane and 
drying, 0.051 g (87%) of a dark green solid identified as 5 was isolated. Single crystals 
suitable for X-ray diffraction were grown from a concentrated toluene solution at -35 °C. 
Anal. calcd. for C39H41N3MoP2: Calcd. C, 66.00%, H, 5.82%, N, 5.92%; Found: C, 
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65.88%, H, 5.57%, N, 5.64%. 1H NMR (benzene-d6, 400 MHz):  7.83 (t, 8.4 Hz, 2H, Ar), 
7.56 (m, 3H, Ar), 7.49 (t, 8.0 Hz, 2H, Ar), 7.07 (m, 3H, Ar), 7.02 (m, 1H, Ar), 6.62 (m, 1H, 
Ar), 6.51 (m, 5H, Ar), 5.60 (t, 8.4 Hz, 2H, Ar), 5.49 (m, 2H, Ar), 5.44 (t, 11.9 Hz, 1H, 
NCH2), 4.85 (d, 10.8 Hz, 1H, NCH2), 4.77 (b, 1H, HCMo), 2.88 (s, 3H, CH3), 2.82 (m, 
1H,CH2), 2.62 (m, 2H, CH2), 2.50 (s, 3H, CH3), 2.27 (m, 1H, CH2), 2.06 (m, 2H, CH2), 
1.39 (m, 1H, CH2), 1.18 (m, 1H, CH2), Mo−H peak not located. 13C NMR (benzene-d6, 
125.00 MHz):  147.3 (C=N), 145.5 (C=N), 139.3 (Py), 138.7 (d, JCP = 57 Hz, Ph), 134.3 
(d, JCP = 33.53 Hz, Ph), 133.96 (d, JCP = 34 Hz, Ph), 132.7 (d, JCP = 2.5 Hz, Ph), 132.6 (d, 
JCP = 9.2 Hz, Ph), 132.2 (Py), 131.9 (d, JCP = 16.2 Hz, Ph), 131.0 (d, JCP = 19.9 Hz, Ph), 
129.0 (d, JCP = 30.6 Hz, Ph), 117.1 (Py), 106.5 (Py), 104.2 (Py), 57.8 (NCH2), 54.9 (d, JCP 
= 7.5 Hz, NCHMo), 33.8 (d, JCP = 47.9 Hz, CH2CH2P), 31.4 (d, JCP = 33.4 Hz, CH2), 30.5 
(d, JCP = 55.7 Hz, CH2), 29.6 (d, JCP = 42.1 Hz, CH2), 17.1 (CH3), 13.2 (CH3). 
31P NMR 
(benzene-d6, 161.78 MHz): 57.9 (d, 97.2 Hz, PPh2), 46.9 (d, 97.2 Hz, PPh2). 
 
Figure 2.23. 1H NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) in benzene-d6. 
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Figure 2.24. 13C NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) in benzene-d6. 
 
Figure 2.25. gHSQCAD NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) in 
benzene-d6. 
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Figure 2.26. 1H-coupled 13C NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) in 
benzene-d6. 
 
 
Figure 2.27. 31P NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) in benzene-d6. 
2.7.6. Synthesis of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6)  
In a nitrogen filled glove box, a J. Young NMR tube was charged with 0.012 g (0.014 
mmol) of 5 dissolved in 0.7 mL of C6D6. The tube was frozen at 0 °C, degassed, and 0.2 
atm of CO2 was added. Within 10 min, formation of a new compound identified as 6 was 
observed by multinuclear NMR spectroscopy. Upon removal of excess CO2 and solvent, 
0.009 g (0.012 mmol, 85%) of a green solid identified as 6 was isolated. Anal. calcd. for 
C40H41N3MoO2P2: Calcd. C, 63.74%; H, 5.48%; N, 5.57%. Found: C, 63.51%, H, 5.42%, 
N, 5.28%. 1H NMR (benzene-d6, 400 MHz): 9.14 (s, 1H, CHO), 7.25 (m, 4H, Ar), 7.12 (m, 
5H, Ar), 7.02 (t, 7.2 Hz, 3H, Ar), 6.90 (t, 7.6 Hz, 1H, Ar), 6.59 (t, 7.6 Hz, 2H, Ar), 6.43 (t, 
7.6 Hz, 4H, Ar), 6.26 (t, 12.0 Hz, 1H, NCH2), 5.62 (s, 1H, NCHMo), 5.56 (t, 7.8 Hz, 2H, 
Ar), 5.25 (t, 8.4 Hz, 2H, Ar), 4.55 (d, 12.0 Hz, 1H, NCH2), 3.34 (m, 2H, CH2), 2.80 (m, 
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1H, CH2), 2.73 (s, 3H, CH3), 2.47 (s, 3H, CH3), 2.04 (m, 1H, CH2), 1.87 (m, 1H, CH2), 
1.76 (t, 14.4 Hz, 1H, CH2), 1.39 (m, 3H, CH2), 0.74 (m, 1H, CH2). 
13C NMR (benzene-d6, 
100.49 MHz): 169.7 (MoOCOH), 148.1 (C=N), 148.1 (C=N), 144.6 (Ar), 132.8 (d, JCP = 
17.8 Hz, Ar), 132.2 (d, JCP = 20.0 Hz, Ar), 131.3 (d, JCP = 17.2 Hz, Ar), 130.9 (d, JCP = 
18.9 Hz, Ar), 129.4 (Ar), 128.6 (d, JCP = 7.6 Hz, Ar), 128.5 (d, JCP = 10.0 Hz, Ar), 127.6 
(d, JCP = 10.0 Hz, Ar), 117.5 (Ar), 106.8 (Ar), 106.1 (Ar), 57.4 (NHCMo), 50.2 (NCH2), 
30.5 (d, JCP = 14.9 Hz, CH2), 28.8 (CH2), 23.9 (d, JCP = 30.6 Hz, CH2), 20.9 (d, JCP = 34.2 
Hz, CH2), 16.6 (CH3), 13.5 (CH3). 
31P NMR (benzene-d6, 161.78 MHz): 43.80 (d, 186.2 
Hz, PPh2), 28.10 (d, 186.2 Hz, PPh2). IR (KBr pellet): νOCOH = 1625 cm−1.  
 
Figure 2.28. 1H NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6) in 
benzene-d6. 
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Figure 2.29. 13C NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6) in 
benzene-d6. 
 
Figure 2.30. gHSQCAD NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6) in 
benzene-d6. 
 
Figure 2.31. 31P NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)Mo(OCOH) (6) in 
benzene-d6. 
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2.7.7. Hydroboration of CO2 using 5 mol% 5 
In the glovebox, a 20 mL scintillation vial containing 0.014 mmol of 5 was charged with 
pinacolborane (0.28 mmol) in 0.7 mL of benzene-d6. The mixture was transferred into a J. 
Young NMR tube and sealed under nitrogen. After degassing the tube, an atmosphere of 
CO2 gas was purged into the frozen solution at 0 °C, and the tube was placed in an oil bath 
preheated to 60 °C. The reaction was monitored over time using multinuclear NMR 
spectroscopy. 
2.7.8. Hydroboration of CO2 using 1 mol% 5  
In the glovebox, a 20 mL scintillation vial containing 0.0011 mmol of 5 was charged 
with pinacolborane (0.11 mmol) in 0.7 mL of benzene-d6. The mixture was transferred into 
a J. Young NMR tube and sealed under nitrogen. After degassing the tube, an atmosphere 
of CO2 gas was purged into the frozen solution at -70 °C, and the tube was placed in an oil 
bath preheated at 90 °C for 5 h. The reaction was monitored over time using multinuclear 
NMR spectroscopy. 
2.7.9. Hydroboration of CO2 using 0.1 mol% 5  
In the glovebox, a 20 mL scintillation vial containing 0.0035 mmol of 5 was charged 
with pinacolborane (3.5 mmol) in 0.7 mL of benzene-d6. The mixture was transferred into 
a 100 mL reaction bomb, and was sealed under nitrogen. After degassing the bomb, an 
atmosphere of CO2 gas added at -70 °C. Upon thawing, the tube was placed in a 90 °C oil 
bath for 8 h. A few drops of the reaction mixture were dissolved in C6D6 and complete 
consumption of starting borane was observed by 1H, 13C and 11B NMR spectroscopy. After 
recombining fractions and removing the NMR solvent in vacuo, the borylated products 
were hydrolyzed with water (2 mL) while stirring at ambient temperature for 24 h. The 
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volatile components were separated by short path fractional distillation and methanol was 
recovered (58% isolated yield, relative to HBPin). 
2.7.10. Control Reaction between Pinacolborane and CO2  
In the glovebox, a 20 mL scintillation was charged with 0.016 mL of pinacolborane and 
0.7 mL of benzene-d6. The mixture was transferred into a J. Young NMR tube and sealed 
under nitrogen. After degassing the tube, an atmosphere of CO2 gas was added at -70 °C, 
and the tube was placed in an oil bath preheated at 90 °C for 4 h. The reaction was 
monitored using 1H NMR spectroscopy and transformation of the reactants was not 
observed. 
2.7.11. Control Reaction Employing Ph2PPrPDI as a Catalyst 
      In the glovebox, a 20 mL scintillation vial containing 0.0045 mmol of Ph2PPrPDI was 
charged with pinacolborane (0.45 mmol) in 0.7 mL of benzene-d6. The mixture was 
transferred into a J. Young NMR tube, and was sealed under nitrogen. After degassing the 
tube, an atmosphere of CO2 gas was purged into the frozen solution at -70 °C, and the tube 
was allowed to heat in an oil bath preheated at 90 °C for 4 h. The reaction was monitored 
using multinuclear NMR spectroscopy. No trace of methoxide was observed; however, 3% 
of pinacolboryl formate was identified by 1H and 11B NMR spectroscopy (Fig. 2.15 and 
2.16). 
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CHAPTER 3 
ISOLATION OF A BIS(IMINO)PYRIDINE MOLYBDENUM(I) IODIDE COMPLEX 
THROUGH CONTROLLED REDUCTION AND INTERCONVERSION OF ITS 
REACTION PRODUCTS 
3.1. Abstract  
Analysis of [(Ph2PPrPDI)MoI][I] by cyclic voltammetry revealed a reversible wave at -
1.20 V vs. Fc+/0, corresponding to the MoII/I redox couple. Reduction of [(Ph2PPrPDI)MoI][I] 
using stoichiometric potassium naphthalenide (K/C10H8) resulted in ligand deprotonation 
rather than reduction to yield a Mo(II) monoiodide complex featuring a Mo-C bond to the 
α-position of one imine substituent, (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI. Successful isolation 
of the inner-sphere Mo(I) monoiodide complex, (Ph2PPrPDI)MoI, was achieved via 
reduction of [(Ph2PPrPDI)MoI][I] with equimolar Na/C10H8. This complex was found to 
have a near octahedral coordination geometry by single crystal X-ray diffraction and 
electron paramagnetic resonance (EPR) spectroscopy revealed an unpaired Mo-based 
electron which is highly delocalized onto the PDI chelate core. Attempts to prepare a Mo(I) 
monohydride complex upon adding NaEt3BH to (
Ph2PPrPDI)MoI resulted in 
disproportionation to yield an equimolar quantity of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH and 
newly identified (Ph2PPrPDI)MoH2. Independent synthesis of (
Ph2PPrPDI)MoH2 was 
achieved by adding 2 equivalents of NaEt3BH to [(
Ph2PPrPDI)MoI][I] and a minimum 
hydride resonance T1 of 176 ms suggests that the Mo-bound H atoms are best described as 
classical hydrides. Interestingly, (Ph2PPrPDI)MoH2 can be converted to (κ6-P,N,N,N,C,P-
Ph2PPrPDI)MoI upon iodomethane addition, while (Ph2PPrPDI)MoH2 is prepared from (κ6-
P,N,N,N,C,P-Ph2PPrPDI)MoI in the presence of excess NaEt3BH. Similarly, (κ6-
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P,N,N,N,C,P-Ph2PPrPDI)MoI can be converted to (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH with 1 
equivalent of NaEt3BH, while the opposite transformation occurs following iodomethane 
addition to (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH. Facile interconversion between 
[(Ph2PPrPDI)MoI][I], (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI, (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH, 
and (Ph2PPrPDI)MoH2 is expected to guide future reactivity studies on this unique set of 
compounds.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parts of this chapter have been reproduced from Pal, R.; Cherry, B. R.; Flores, M.; Groy, 
T. L.; Trovitch, R. J. Dalton Transactions 2016, 45, 10024-10033 with the permission of 
Royal Society of Chemistry. 
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3.2. Introduction1a 
Over the last half century, the advancement of molybdenum coordination chemistry has 
contributed to seminal discoveries including non-classical dihydrogen coordination,1b 
dinitrogen reduction,2 and the development of well-defined olefin metathesis catalysts.3 
Notably, these developments have relied on complexes which possess diverse Mo 
oxidation states. For example, Kubas and co-workers first observed dihydrogen 
coordination following H2 addition to zerovalent Mo(CO)3(PCy3)2.
4 While Mo(0) 
dinitrogen complexes contributed to early Chatt cycle development5 and have recently 
regained favor,6 the Mo(III) complexes [({3,5-(CH3)2C6H3}N{C(CD3)2(CH3)}]3Mo
7 and 
({3,5-(2,4,6-iPr3C6H2)2C6H3NCH2CH2}3N)Mo(N2)
8 were first found to cleave the triple 
bond of dinitrogen and catalyze its reduction to NH3, respectively. Furthermore, olefin 
metathesis catalysts popularized by Schrock operate via [2+2] addition at hexavalent Mo.9 
Considering the rich chemistry of Mo(II)10 and Mo(III)11 precursors, as well as the 
biological importance of mononuclear Mo(IV), Mo(V), and Mo(VI) cofactors,12 the 
common oxidation states of Mo are largely accepted to be 0, 2+, 3+, 4+, 5+ and 6+.13  
Well-defined complexes of Mo(I) are omitted from this list, although several have been 
reported. One thoroughly studied and structurally characterized example is 
[(Cp)Mo(CO)3]2,
14 which is known to undergo M-M bond cleavage following 
photoactivation.15 The addition of I2 to [Et4N]2[Mo2(CO)8(SCH2CO2Et)2] in acetonitrile 
solution has allowed isolation of the thiolate bridged Mo(I) dimer, 
Mo2(CO)6(SCH2CO2Et)2(NCCH3)2.
16 The solid-state structures of monomeric 
(Tp)MoI(CO)3
17 and (Tp’)MoI(CO)2(η2-PhC≡CPh)18 (Tp = hydrotris(pryazolyl)borate; Tp’ 
= hydrotris(3,5-dimethylpryazolyl)borate) have also been described and related Mo(I) 
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complexes have been characterized by EPR spectroscopy.19-21 Wieghardt and co-workers 
reported the synthesis and solid-state structure of [(Bn3tacn)Mo(CO)3][PF6] (Bn3tacn = 
1,4,7-tribenzyl-1,4,7-triazacyclononane)22 and their more recent efforts to elucidate the 
electronic structures of formally monovalent [(bpy)3Mo][PF6]
23 and [(4-
OMePhPDI)2Mo][PF6]
24 suggest that [(bpy)3Mo][PF6] is best described as having a Mo(III) 
center that is antiferromagnetically coupled to two bipyridine radical anions,23 while [(4-
OMePhPDI)2Mo][PF6] consists of a Mo(IV) center, an antiferromagnetically coupled PDI 
radical anion, and one singlet PDI dianion.24 Moreover, oxidation state discrepancies exist 
for several half-sandwich 1,3,5-cycloheptatriene Mo complexes.25  
We hypothesized that pentadentate coordination of donor-substituted 
bis(imino)pyridine (or pyridine diimine, PDI) chelates might allow for the preparation of 
complexes and catalysts that are not isolable when employing a set of monodentate 
ligands.26 Since 2014, we have extended this methodology to study the Mo coordination 
chemistry of the diphenylphosphinopropyl-substituted PDI chelate, Ph2PPrPDI.27 Refluxing 
this ligand in the presence of Mo(CO)6 allowed for the displacement of five carbonyl 
ligands to yield the monocarbonyl complex, (Ph2PPrPDI)Mo(CO) (2, Fig. 3.1).27 Ionic 
oxidative addition of I2 to 2 afforded 7-coordinate [(
Ph2PPrPDI)MoI(CO)][I] (3, Fig. 3.1), 
which was ultimately converted to [(Ph2PPrPDI)MoI][I] (4, Fig. 3.1) upon heating at 100 °C 
for 24 h.28 Reduction of this complex in the presence of excess K/Hg allowed the 
preparation of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5, Fig. 3.1), which catalyzes the 
hydroboration of CO2 to methoxyborane.
28 In this effort, we describe a one-step synthesis 
of 4, its controlled reduction to yield the respective Mo(I) monoiodide complex, and the 
interconversion between 4 and two newly observed (Ph2PPrPDI)Mo complexes. 
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Figure 3.1. Previously described synthesis of (Ph2PPrPDI)Mo complexes 3-5 from 2.28 
3.3. Results and Discussion1a  
Having recently reported the two-step synthesis of 428 (Fig. 3.1) from 2,27 a simpler 
preparation of 4 was desired to facilitate further study of its reactivity. For this purpose, 
the Mo(II) diiodide precursor, (CO)3MoI2(NCCH3)2 (Fig. 3.2), was prepared according to 
literature procedure29 and added directly to Ph2PPrPDI.26 When heated to 110 °C under 
vacuum, ligand substitution results in monodentate ligand loss and formation of 4 in 92% 
yield. 
 
Figure 3.2. Synthesis of [(Ph2PPrPDI)MoI][I] (4) from (CO)3MoI2(NCCH3)2.
29 
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With significant quantities of 4 in hand, we set out to further explore its behavior under 
reducing conditions. Upon scanning towards negative potentials, the cyclic voltammogram 
of 4 in acetonitrile solution was found to feature a reversible wave at -1.20 V vs. Fc+/0 (Fig. 
3.3). Irreversible waves were also observed at -2.65 and -2.77 V vs. Fc+/0. These waves, 
which are not due to solvent reduction, have been assigned to the reduction of Mo(I) to 
Mo(0) and Mo(0) to Mo(-I), respectively. The reversible wave at -1.20 V vs. Fc+/0 is 
consistent with previously reported Mo(II)/Mo(I) redox potentials,30 suggesting that it may 
be possible to isolate a persistent, well-defined Mo(I) complex following one electron 
reduction of 4.  
 
 
 
 
 
Figure 3.3. Cyclic voltammogram of 3.0 mM 4 in dry acetonitrile (0.1 M TBAPF6; scan 
rate = 0.05 V s-1). Arrow indicates the initiation point and direction of cycling. 
We previously reported that excess K/Hg addition to 4 affords complex 5 (Fig. 3.1) 
following C-H activation at the α-position of one imine substituent.28 With this in mind, 
reduction of 4 was attempted using a stoichiometric quantity of in situ generated potassium 
naphthalenide. Work-up of the resulting greenish-brown solution followed by multinuclear 
NMR spectroscopic analysis revealed a diamagnetic reaction product. This complex was 
found to feature 31P NMR doublets at 40.22 and 16.20 ppm (JPP = 162.5 Hz), indicating 
-50
-30
-10
10
30
50
70
90
110
130
150
-3 -2.5 -2 -1.5 -1
E (V vs Fc+/0) 
C
u
rr
en
t 
(m
A
)
Mo(II)/Mo(I)
Mo(I)/Mo(0)
Mo(0)/Mo(-I)
92 
 
side-to-side chelate inequivalence. Moreover, gHSQCAD NMR spectroscopy revealed a 
methine 1H resonance at 5.51 ppm, signifying that Ph2PPrPDI methylene group 
deprotonation has taken place. Considering that the α-position of Ph2PPrPDI is prone to 
activation,28 the diamagnetic product has been assigned as the seven-coordinate 
monoiodide complex, (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7, Fig. 3.4). 
 
 
Figure 3.4. Synthesis of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7) from [(Ph2PPrPDI)MoI][I] (4). 
To confirm the position of chelate deprotonation, the solid-state structure of 7 (Fig. 3.5) 
was determined by single crystal X-ray diffraction. The overall geometry about Mo is 
distorted pentagonal bipyramidal and the experimentally determined metrical parameters 
of 7 (Table 3.1) are strongly correlated to isostructural 5.28 The Mo(1)-C(10) distance of 
2.257(8) Å is consistent with single bond formation, confirming that deprotonation 
occurred at the chelate α-methylene group. The distances and angles defined by the metal 
center and Ph2PPrPDI N-atoms are closely matched to those determined for 5.28 In contrast, 
the Mo(1)-P(1) and Mo(1)-P(2) distances of 2.471(2) and 2.488(2) Å found for 7 are 
approximately 0.04 Å longer than those of 5. These contacts, along with the larger P(1)-
Mo(1)-P(2) angle of 164.06(7)°, are likely due to the weak field nature of the iodide ligand 
of 7 which serves to weaken phosphine σ-donation.  
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Figure 3.5. The solid state structure of 7 shown at 30% probability ellipsoids. Hydrogen 
atoms and co-crystallized ether are removed for clarity. 
 
Table 3.1. Notable bond lengths (Å) and angles (°) determined for 7, along with values 
previously reported for 5.28 
 7 528 
Mo(1)-N(1) 1.952(7)  1.940(7) 
Mo(1)-N(2) 2.055(6) 2.072(5) 
Mo(1)-N(3) 2.141(7) 2.121(6) 
Mo(1)-P(1) 2.471(2) 2.448(2) 
Mo(1)-P(2) 2.488(2) 2.433(2) 
Mo(1)-C(10) 2.257(8) 2.259(8) 
Mo(1)-I(1) 2.8954(8) - 
Mo(1)-H(1M) - 1.75(8) 
C(10)-N(1) 1.386(11) 1.399(9) 
N(1)-C(2) 1.322(11) 1.324(9) 
N(3)-C(8) 1.328(12) 1.374(9) 
C(2)-C(3) 1.412(13) 1.406(10) 
C(7)-C(8) 1.408(13) 1.408(11) 
   
N(1)-Mo(1)-C(10) 37.6(3) 38.0(2) 
N(1)-Mo(1)-N(3) 143.5(3) 144.3(2) 
P(1)-Mo(1)-P(2) 164.06(7) 152.91(7) 
N(3)-Mo(1)-C(10) 176.4(3) 176.8(3) 
 
Given the propensity of PDI chelates to accept one or more electrons from low-valent 
first-row metal centers,31 it should be noted that the N=C distances found for 7 are 
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elongated [1.322(11) and 1.328(12) Å] relative to unreduced PDI ligands (1.28 Å).32 
Furthermore, the neighboring C(2)-C(3) and C(7)-C(8) distances of 1.412(13) and 
1.408(13) Å, respectively, are greatly contracted relative to the Cimine-Cpyridine bond lengths 
of unreduced PDI chelates (1.50 Å).32 Even though these distances are suggestive of chelate 
reduction, the nature of the metal must be considered when assaying chelate non-
innocence. Since Mo is a second-row metal, its expanded d-orbitals efficiently overlap with 
the Ph2PPrPDI chelate LUMOs of 7, allowing electron density transfer and delocalization 
through backbonding. This mixing lowers the energy of the Mo-derived orbital while 
greatly destabilizing the Ph2PPrPDI LUMOs, rendering their population unlikely. For this 
reason, we do not believe that the PDI chelate of 7 is reduced by one or more electrons. 
In the process of purifying complex 7 following potassium naphthalanide addition to 4, 
a small quantity of a dark red side product was isolated. After determining this complex to 
be NMR silent, a selective synthesis was desired to facilitate its characterization. When a 
stoichiometric quantity of milder sodium naphthalanide was added to 4, chelate 
deprotonation was not observed and the dark red complex was the sole isolated product. 
This complex was determined to have an ambient temperature magnetic moment of 1.4(1) 
μB (Evans method), consistent with one electron reduction and formation of the respective 
Mo(I) monoiodide complex, (Ph2PPrPDI)MoI (8, Fig. 3.6). 
 
Figure 3.6. Synthesis of (Ph2PPrPDI)MoI (8) from [(Ph2PPrPDI)MoI][I]. 
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To further characterize 8, a toluene solution of this complex was prepared and analyzed 
by X-band EPR spectroscopy at 108 K and 296 K (Fig. 3.7). The spectral features observed 
at 108 K are consistent with the presence of Mo(I), i.e. the spectrum is an overlap of two 
signals, a broad signal corresponding to 95,97Mo (I = 5/2) and a large narrow signal 
corresponding to 96Mo (I = 0) (Fig. 3.7A). In addition, the signal corresponding to 96Mo 
shows a multiline pattern due to hyperfine coupling (hfc) interactions between the magnetic 
moment of the unpaired electron and the magnetic moment of neighboring 14N (I = 1) 
nuclei. To simplify the EPR spectrum observed at 108 K, a toluene solution of 8 was 
measured at 296 K (Fig. 3.7B). The EPR spectrum at 296 K also shows contributions from 
95,97Mo (I = 5/2) and 96Mo (I = 0), although the intensity of the signal corresponding to 
95,97Mo is barely above the noise level. The signal corresponding to 96Mo shows a five-line 
splitting and resembles those associated with the hfc between the magnetic moment of one 
unpaired electron and the magnetic moment of two equivalent nitrogens (𝑨𝑁𝑖). 
Thus, the EPR spectrum of 8 at 296 K was well-fit (σ = 3.0%, see Experimental Section) 
considering a low-spin Mo(I) center (S = 1/2) with an isotropic g value of 2.001 and an 
isotropic hfc, between the unpaired electron and two equivalent nitrogen atoms, of 48 MHz 
(Table 3.2). This finding is consistent with the crystallographically determined structure of 
8 which shows two imine nitrogen atoms which are symmetrically coordinated to Mo (Fig. 
3.8). The principal components of the 𝒈 and 𝑨𝑁𝑖 tensors were obtained from the simulation 
of the signal corresponding to 96Mo (I = 0) at 108 K (Fig. 3A and Table 3.2). Consistently, 
the signal corresponding to 95,97Mo (I = 5/2) at 108 K shows two different splitting (inset 
in Fig. 3.7A); one due to the hfc’s of the 95,97Mo nucleus (𝑨Mo) and a second one due to 
the hfc’s of the two equivalent nitrogens (𝑨𝑁𝑖). The principal components of the 𝑨Mo tensor 
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were obtained from the simulation of the broad signal observed at 108 K. The EPR data of 
6 show that its paramagnetic properties are due to the presence of a low-spin Mo(I) center 
(S = 1/2). Additionally, the data show significant delocalization of the unpaired electron 
into the Ph2PPrPDI ligand of 8, reflected in the isotropic hfc (i.e. the contact interaction) of 
the two symmetrically coordinated imines. 
 
Figure 3.7. Experimental (black) and simulated (red) X-band EPR spectra of 8 in toluene 
at 108 K (frozen solution) (A) and at 296 K (liquid solution) (B). The EPR spectrum at 108 
K is an overlap of two signals (see text), one attributed to 96Mo (I = 0) (large signal) and 
another attributed to 95,97Mo (I = 5/2) (small signal). The inset shows a closer view of the 
signal attributed to 95,97Mo (I = 5/2) (A). The EPR spectrum at 296 K shows mostly the 
signal attributed to 96Mo (I = 0). The observed five-line splitting was attributed to the 
hyperfine coupling between the unpaired electron and two equivalent nitrogen atoms. 
97 
 
Table 3.2. Parameters used to fit the EPR spectra of 8 at 108 K and 296 K. 
Parametera   
       T=108 K 
8  
T= 296 K 
gx 2.032  
gy 2.008  
gz 1.964  
giso        2.001 
|𝐴𝑥
Mo | 146 MHz  
|𝐴𝑦
Mo | 60 MHz  
|𝐴𝑧
Mo | 135 MHz  
|𝐴iso
Mo | 114 MHz  
|𝐴𝑥
𝑁𝑖 | 55 MHz  
|𝐴𝑦
𝑁𝑖 | 44 MHz  
|𝐴𝑧
𝑁𝑖 | 45 MHz  
|𝐴iso
𝑁𝑖 |  48 MHz 
The molecular structure of 8 was determined by single crystal X-ray diffraction (Fig. 
3.8) and relevent metrical parameters are provided in Table 3.3. Relative to diioidide 
precursor 4,28 monoiodide 8 was found to possess a geometry closer to an idealized 
octahedron, with N(1)-Mo(1)-N(1A) and P(1)-Mo(1)-P(2) angles of 148.4(6) and 
172.76(15) °, respectively. The Mo(1)-I(I) contact distance of 2.8993(18) Å for 8 is 
significantly longer than the distance of 2.7810(17) Å reported for the inner-sphere iodide 
of 4.28 The lengthened Mo-N and Mo-P distances determined for 8 relative to 4 (Table 3.3) 
are also consistent with a reduction in oxidation state from Mo(II) to Mo(I); however, the 
Mo(1)-N(2) distance of 1.984(11) Å found for 8 is noticeably shorter. This may be due to 
increased backbonding from Mo into the π*-orbitals of PDI.32 Based on our EPR 
spectroscopic results and the Nimine-Cimine and Cimine-Cpyridine distances in Table 3.3, the 
SOMO of 8 is likely to possess both metal and chelate character; however, computational 
work is needed to definitively establish the electronic structure of this complex.  
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Figure 3.8. The solid state structure of 8 shown at 30% probability ellipsoids. Atoms with 
labels ending in “A” have been generated by symmetry. Hydrogen atoms are omitted for 
clarity. 
 
Table 3.3. Notable bond lengths (Å) and angles (°) determined for 8 and 9, compared 
with those reported for 4.28 
 8 9 428 
Mo(1)-N(1) 2.122(9) 2.098(2) 2.036(11) 
Mo(1)-N(2) 1.984(11) 2.056(2) 2.112(10) 
Mo(1)-N(1A/3) 2.122(9) 2.098(2) 2.077(10) 
Mo(1)-P(1) 2.488(3) 2.4123(6) 2.472(3) 
Mo(1)-P(1A/2) 2.488(3) 2.4103(6) 2.453(3) 
Mo(1)-I(1) 2.8993(18) - 2.7810(17) 
N(1)-C(2) 1.305(15) 1.345(3) 1.332(16) 
N(1A/3)-C(2A/8) 1.305(15) 1.349(3) 1.324(15) 
C(2)-C(3) 1.436(16) 1.416(4) 1.442(17) 
C(2A/7)-C(3A/8) 1.436(16) 1.407(4) 1.401(18) 
    
N(1)-Mo(1)-N(1A/3) 148.4(6) 147.13(8) 141.6(4) 
P(1)-Mo(1)-P(2) 172.76(15) 138.15(2) 169.30(7) 
N(2)-Mo(1)-I(1) 180.00(6) - 178.2(3) 
       With 8 in hand, its conversion to the respective Mo(I) hydride was attempted. Upon 
adding a stoichiometric quantity of NaEt3BH to 8, analysis by multinuclear NMR 
spectroscopy revealed an approximate 1:1 ratio of two products: previously described 528 
and a newly identified product featuring a {1H}31P NMR singlet at 43.15 ppm. 
99 
 
Furthermore, the new complex was found to feature a well-resolved 1H NMR triplet with 
JHP = 36.0 Hz at 4.20 ppm. Given the observed chelate equivalence, and that the 
1H NMR 
resonance at 4.20 ppm integrates to two hydrogen atoms, this product was assigned as the 
dihydride complex, (Ph2PPrPDI)MoH2 (9, Fig. 3.9). The identification of 5 and 9 in an 
equimolar ratio is consistent with disproportionation following formation of the suspected 
short-lived intermediate, (Ph2PPrPDI)MoH. 
 
Figure 3.9. Attempt to isolate (Ph2PPrPDI)MoH from (Ph2PPrPDI)MoI. 
Having identified 9, a selective synthesis was desired so that the characterization and 
reactivity of this complex could be more thoroughly investigated. Its preparation directly 
from 4 was achieved following the addition of 2 equivalents of NaEt3BH in 86 % yield 
(Fig. 3.10). Complex 9 was also prepared by adding 1 atm. of H2 to 5 (Fig. 3.10). Solutions 
of 9 stored under N2 atmosphere are fairly persistent; however, when left at ambient 
temperature for several days, partial reversion to 5 is observed following H2 loss and 
chelate C-H activation. To determine whether 9 can appropriately be considered a 
dihydride (as opposed to a dihydrogen complex),1 attempts were made to determine the 
solid-state structure by X-ray diffraction. Suitable single crystals were grown from a 
concentrated ether solution at -35 °C and a high-resolution structure with R1 = 0.0332 was 
obtained (Fig. 3.11). The metrical parameters determined for 9 are provided in Table 3.3; 
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however, the Mo-bound hydrogen atoms could not be located in the difference map. The 
solid state structure of this complex possesses a distorted trigonal bipyramidal chelate 
coordination environment with a P(1)-Mo(1)-P(2) angle of 138.15(2) °. This angle is much 
smaller than the angles of 169.30(7) and 172.76(15) ° observed for six-coordinate 4 and 8, 
respectively, an observation which highlights the coordinative flexibility of Ph2PPrPDI.  
 
Figure 3.10. Interconversion of (Ph2PPrPDI)Mo complexes 4, 5, 7, and 9. 
 
 
Figure 3.11. The molecular structure of 9 displayed at 30% probability ellipsoids. 
Hydrogen atoms omitted for clarity (Note: the hydride ligands of 9 were not located in 
the difference map). 
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Since information regarding the degree of H2 activation could not be gained through X-
ray diffraction, a variable temperature experiment was conducted to assay relaxation of the 
hydride 1H NMR resonance at 4.20 ppm. A minimum T1 value of 176 ms (400 MHz) was 
observed at -20 °C. This suggests that the Mo-bound hydrogen atoms of 9 are most 
appropriately described as hydrides, although minimal H-H bonding character may 
remain.33 Given the C-H activated chelate of 5, we were interested to see if D2 addition 
would result in Mo-C bond hydrogenation to give the corresponding MoH(D) complex 
with one or more D-labelled α-methylene positions. Instead, clean conversion to the 
dideuteride complex, (Ph2PPrPDI)MoD2 (9-d2, Fig. 3.12), was observed by 
1H and 2H NMR 
spectroscopy with no evidence of HD formation or methylene group labelling (Fig. 3.21). 
This observation suggests that C-H reductive elimination is likely to precede D2 
coordination and oxidative addition. 
 
 
Figure 3.12. Synthesis of (Ph2PPrPDI)MoD2 (9-d2) from 5. 
Since 5 and 9 have both been prepared from 4, the conversion of these complexes back 
into 4 was explored. Adding a stoichiometric quantity of I2 to either 5 or 9 resulted in the 
immediate formation of 4 (Fig. 3.10), as determined by multinuclear NMR spectroscopy. 
Complexes 5 and 9 have also been used as precursors for the formation of deprotonated 
monoiodide complex 7. The stoichiometric addition of iodomethane to a toluene solution 
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of either 5 or 9 allowed for the isolation of 7 in 95% and 76% yield, respectively (Fig. 
3.10). Conducting the same reactions in a J. Young tube allowed for the direct observation 
of CH4 by 
1H NMR spectroscopy. Finally, complex 7 was determined to be a suitable 
synthon for both 5 and 9 upon addition of either 1 equiv. or an excess of NaEt3BH, 
respectively (Fig. 3.10). Since 4 can be readily prepared from Ph2PPrPDI and 
(CO)3MoI2(NCCH3)2, the synthetic pathways illustrated in Fig. 3.10 represent convenient 
ways to access complexes 5, 7, and 9. 
3.4. Conclusion1a  
In summary, varying the reagent used to reduce [(Ph2PPrPDI)MoI][I] enabled isolation of 
both (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI and (Ph2PPrPDI)MoI, in addition to (κ6-P,N,N,N,C,P-
Ph2PPrPDI)MoH. Persistent Mo(I) complexes such as (Ph2PPrPDI)MoI remain rare, and this 
complex is believed to be the first crystallographically characterized Mo(I) monoiodide. 
Although an attempt to prepare the analogous Mo(I) monohydride complex resulted in 
disproportionation, it allowed for the observation and eventual isolation of the respective 
dihydride complex, (Ph2PPrPDI)MoH2. The dihydride was converted back to either 
[(Ph2PPrPDI)MoI][I] or (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI following addition of either I2 or 
MeI, respectively, and analogous reactivity has been noted for (κ6-P,N,N,N,C,P-
Ph2PPrPDI)MoH. The straightforward interconversion between this unique set of (PDI)Mo 
complexes is expected to facilitate future efforts to study their reactivity and catalytic 
competency.  
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3.5. Experimental Details1a 
3.5.1. General Considerations 
All synthetic manipulations were performed in an MBraun glovebox under an 
atmosphere of purified nitrogen. Diethyl ether, pentane, tetrahydrofuran, and toluene were 
purchased from Sigma Aldrich, dried using a Pure Process Technology (PPT) solvent 
purification system, and stored in the glove box over activated 4Å molecular sieves and 
metallic sodium (Alfa Aesar) before use. Acetonitrile was purchased from VWR, dried 
over 3 Å molecular sieves, and distilled from CaH2 prior to use. Benzene-d6 was obtained 
from Cambridge Isotope Laboratories and dried over 4Å molecular sieves and metallic 
potassium (from Sigma-Aldrich) prior to use. 2,6-Diacetylpyridine and Celite were 
purchased and used as received from TCI America and Acros, respectively. Mo(CO)6 and 
3-(diphenylphosphino)propylamine were purchased from Strem Chemicals and 1.0 M 
toluene solution of sodium triethyl borohydride was used as received from Sigma-Aldrich. 
Hydrogen gas was used as received from Praxair and deuterium gas was used as received 
from Specialty Gases of America. Ph2PPrPDI,26 5,28 and (CO)3MoI2(NCCH3)2
29 were 
prepared according to literature procedure. Solution phase 1H, 13C, and 31P nuclear 
magnetic resonance (NMR) spectra were recorded at room temperature on either a 400 
MHz or 500 MHz Varian NMR Spectrometer. All 1H and 13C NMR chemical shifts are 
reported relative to Si(CH3)4 using 
1H (residual) and 13C chemical shifts of the solvent as 
secondary standards. 2H NMR chemical shifts are reported relative to Si(CD3)4 using 
benzene-d6 as an internal reference. 
31P NMR resonances are reported relative to H3PO4. 
Elemental analyses were performed at Robertson Microlit Laboratories Inc. (Ledgewood, 
NJ) and at Arizona State University.  
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3.5.2. Electrochemistry  
Electrochemical analysis was carried out under a nitrogen atmosphere using a CH 
Instruments handheld potentiostat. A conventional three-electrode cell was used for 
recording the cyclic voltammogram of 4. A glassy carbon working electrode (3 mm 
diameter) was prepared by successive polishing with 1.0, 0.3, and 0.05 µm alumina 
slurries, followed by sonication (5 min) in ultrapure water after each polishing step. The 
supporting electrolyte was 0.1 M TBAPF6 in acetonitrile. The Ag/Ag
+ pseudoreference 
electrode was prepared by immersing a silver wire into 1.0 M HCl, washing with 
acetonitrile, and air drying. A platinum wire was used as the counter electrode. All 
potentials are reported to the ferrocene/ferrocenium (Fc+/0) couple as an internal reference. 
3.5.3. X-ray crystallography  
Single crystals suitable for X-ray diffraction were coated with polyisobutylene oil in the 
glovebox and transferred to glass fiber with Apiezon N grease before mounting on the 
goniometer head of a Bruker APEX Diffractometer (Arizona State University) equipped 
with Mo Kα radiation. A hemisphere routine was used for data collection and determination 
of the lattice constants. The space group was identified and the data was processed using 
the Bruker SAINT+ program and corrected for absorption using SADABS. The structures 
were solved using direct methods (SHELXS) completed by subsequent Fourier synthesis 
and refined by full-matrix, least-squares procedures on [F2] (SHELXL). For 7, A-level 
alerts remain following refinement due to close contacts between the main molecule and 
four partially occupied ether molecules which were modelled as rigid bodies. Diffraction 
of 8 yielded weak high resolution data, and ultimately, poor bond precision. The hydrides 
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of 9 could not be located due to their proximity to Mo. Crystallographic parameters for 7, 
8, and 9 are located in Table S1 of the Supporting Information. 
3.5.4. Electron Paramagnetic Resonance Spectroscopy  
3.5.4.1. Instrumentation 
Studies were performed at the EPR Facility of Arizona State University. Continuous 
wave (CW) EPR spectra were recorded, at 108 K and 296 K, using a Bruker ELEXSYS 
E580 CW X-band spectrometer (Bruker, Rheinstetten, Germany). A standard resonator 
(ER 4102ST) attached to a liquid nitrogen temperature control system (ER 4131VT), and 
quartz sample tubes type 707-SQ-250M (Wilmad-LabGlass, Vineland, NJ) (OD 4 mm, ID 
3 mm), were used at 108 K. Whereas, a cylindrical mode resonator (ER 4103TM) and 
quartz sample tubes type 712-SQ-100M (OD 2 mm, ID 1 mm) were used at 296 K. The 
magnetic field modulation frequency was 100 kHz with a field modulation of 0.5 mT (at 
108 K) and 0.2 mT (at 296 K) peak-to-peak. The microwave power was 1 mW, the 
microwave frequency was 9.40 GHz (at 108 K) and 9.73 GHz (at 296 K), and the sweep 
time was 84 seconds (at 108 K) and 168 seconds (at 296 K). 
3.5.4.2. Spin Hamiltonian 
The EPR spectra of 8 were interpreted using a spin Hamiltonian, H, containing the 
electron Zeeman interaction with the applied magnetic field Bo and the hyperfine coupling 
(hfc) interactions with a single 95,97Mo (I = 5/2) and two equivalent 14N (I = 1):34 
𝐻 =  
e
𝑺. 𝒈. 𝐁𝐨 + ℎ 𝑺. 𝑨
Mo. 𝑰Mo + ∑ ℎ 𝑺. 𝑨𝑁𝑖 . 𝑰𝑁𝑖2𝑖=1  (6) where S is the electron spin 
operator, 𝑰Mo and 𝑰𝑁𝑖  are the nuclear spin operators of the single 95,97Mo and the two 
equivalent 14N, respectively, 𝑨Mo and 𝑨𝑁𝑖  are the corresponding hfc tensors in frequency 
units, 𝒈 is the electronic g-tensor, e is the electron magneton, and h is Planck’s constant. 
106 
 
3.5.4.3. Fitting of EPR spectra  
To quantitatively compare experimental and simulated spectra, we divided the spectra 
into N intervals, i.e. we treated the spectrum as an N-dimensional vector R. Each 
component Rj has the amplitude of the EPR signal at a magnetic field Bj, with j varying 
from 1 to N. The amplitudes of the experimental and simulated spectra were normalized 
so that the span between the maximum and minimum values of Rj is 1. We compared the 
calculated amplitudes Rj
calc of the signal with the observed values Rj defining a root-mean-
square deviation  by: (p1, p2,…, pn) = [ (Rjcalc(p1, p2, …, pn)  Rjexp)2/N]½, where the 
sums are over the N values of j, and p’s are the fitting parameters that produced the 
calculated spectrum. For our simulations, N was set equal to 1024. The EPR spectra were 
simulated using EasySpin (v 5.0.2), a computational package developed by Stoll and 
Schweiger35 and based on Matlab (The MathWorks, Natick, MA, USA). EasySpin 
calculates EPR resonance fields using the energies of the states of the spin system obtained 
by direct diagonalization of the spin Hamiltonian. The EPR fitting procedure used a Monte 
Carlo type iteration to minimize the root-mean-square deviation, σ between measured and 
simulated spectra. We searched for the optimum values of the following parameters: the 
principal components of 𝒈 (i.e. gx, gy, gz), the principal components of the hfc tensors 𝑨Mo 
(i.e. 𝐴𝑥
Mo, 𝐴𝑦
Mo, 𝐴𝑧
Mo) and 𝑨𝑁𝑖  (i.e. 𝐴𝑥
𝑁𝑖 , 𝐴𝑦
𝑁𝑖 , 𝐴𝑧
𝑁𝑖) and the peak-to-peak line-width (B).  
3.5.5. Alternative synthesis of [(Ph2PPrPDI)MoI][I] (4)  
Method 1. Although previously reported,28 a simplified synthesis of 4 was utilized. In a 
nitrogen filled glovebox, a 100 mL thick-walled reaction bomb was charged with 0.150 g 
(0.291 mmol) of (CO)3MoI2(NCMe)2 dissolved in 5 mL of toluene, 0.180 g (0.294 mmol) 

j
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of Ph2PPrPDI dissolved in 10 mL of toluene, and a magnetic stir-bar. The bomb was sealed, 
the solution was frozen with liquid nitrogen, and the reaction was degassed on a Schlenk 
line. Upon warming to room temperature, the reaction was set to reflux in an oil bath that 
was preheated to 110 °C. An amber solid started to precipitate within 3 h. After 12 h, the 
solution was cooled to room temperature, frozen with liquid nitrogen, and degassed. Once 
the liberated CO was removed, the reaction bomb was allowed to reflux for another 12 h 
at 110 °C to ensure reaction completion. After once again removing CO, the bomb was 
brought inside the glovebox and the resulting amber solid was filtered and collected on top 
of a sintered frit. After washing with 2 mL of THF and ether, and drying under vacuum, 
0.257 g (0.267 mmol, 92%) of previously reported 4 was isolated. Method 2. In a nitrogen 
filled glovebox, a 20 mL reaction vial was charged with 0.011 g (0.015 mmol) of 5 and 
dissolved in 3 mL of benzene. To this solution, 0.004 g (0.016 mmol) of I2 dissolved in 3 
mL of benzene was added while stirring. Immediate precipitation of an amber solid, 
identified as 4 was observed. Method 3. In a nitrogen filled glovebox, a 20 mL reaction 
vial was charged with 0.012 g (0.017 mmol) of 9 and dissolved in 3 mL of benzene. To 
this solution, 0.0046 g (0.0181 mmol) of I2 dissolved in 3 mL of benzene was added while 
stirring. Immediate precipitation of an amber solid, identified as 4 was observed. 
3.5.6. Preparation of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7)  
Method 1. In a nitrogen filled glovebox, a 20 mL reaction vial was charged with 0.050 
g (0.071 mmol) of 5 and dissolved in 3 mL of toluene. To this solution, 0.005 mL (0.080 
mmol) of iodomethane was added while stirring. The reaction turned olive green within 1 
h, at which time the solution was filtered through Celite and dried under vacuum. After 
washing with pentane, 0.056 g (95%) of an olive-green solid identified as 7 was isolated. 
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Suitable crystals for X-ray diffraction were grown from a concentrated solution of ether. 
Method 2. In a nitrogen filled glovebox, a 20 mL reaction was charged with 0.030 g (0.042 
mmol) of 9 and dissolved in 3 mL of toluene. To this solution, 0.003 mL (0.048 mmol) of 
iodomethane was added while stirring. The reaction turned olive-green within an hour, at 
which time the solution was filtered through Celite and dried under vacuum. After washing 
with pentane, 0.027 g (76%) of an olive-green solid identified as 7 was isolated. Method 3. 
In a nitrogen filled glovebox, a 20 mL reaction vial was charged with 0.002 g (0.051 mmol) 
of freshly cut metallic potassium, 0.006 g (0.047 mmol) of naphthalene, and 3 mL of THF. 
The solution was stirred for 30 min to form green potassium naphthalenide solution. To it, 
0.050 g (0.052 mmol) of 4 in 10 mL of THF was slowly added and the mixture was allowed 
to stir at ambient temperature for 24 h. The resulting greenish-brown solution was filtered 
through Celite and the solvent was removed in vacuo. After washing with pentane and 
drying, 0.022 g of a brownish-green solid identified as a mixture of 7 and 8 was isolated. 
Elemental analysis for C39H40N3MoP2I: Calcd. C, 56.06%; H, 4.83%; N, 5.03%. (Calcd. 
for C39H40N3MoP2I·C4H10O: Calcd. C, 56.77%; H, 5.54%; N, 4.62%). Found: C, 56.61%; 
H, 5.36%; N, 4.68%. 1H NMR (benzene-d6, 400 MHz): 7.58 (t, 8.2 Hz, 2H, Ar), 7.41 (t, 
12.3 Hz, 1H, CH2), 7.30 (t, 8.2 Hz, 2H, Ar), 7.06 (d, 12.6 Hz, 1H, Ar), 6.99 (m, 5H, Ar), 
6.91 (m, 2H, Ar), 6.73 (d, 7.5 Hz, 1H, Ar), 6.62 (t, 7.3 Hz, 1H), 6.57 (t, 7.3 Hz, 1H, Ar), 
6.43 (t, 7.0 Hz, 2H, Ar), 6.37 (t, 7.0 Hz, 2H, Ar), 5.66 (t, 8.2 Hz, 2H, Ar), 5.51 (s, 1H, 
HCMo), 5.37 (t, 8.5 Hz, 2H, Ar), 4.93 (d, 9.3 Hz, 1H, CH2), 4.02 (t, 13.7 Hz, 1H, CH2), 
3.32 (m, 1H, CH2), 3.08 (m, 1H, CH2), 2.92 (m, 1H, CH2), 2.48 (s, 3H, CH3), 2.40 (s, 3H, 
CH3), 2.07 (m, 2H, CH2), 1.85 (m, 1H, CH2), 1.65 (m, 1H, CH2).
 13C NMR (benzene-d6, 
125.00 MHz): 151.4 (C=N), 148.6 (C=N), 143.7 (Ar), 136.8 (Ar), 136.3 (d, JCP = 24.1 Hz, 
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Ar), 136.0 (d, JCP = 12.1 Hz, Ar), 134.3 (d, JCP = 11.0 Hz, Ar), 132.6 (d, JCP = 9.6 Hz, Ar), 
131.6 (d, JCP = 12.0 Hz, Ar), 131.5 (d, JCP = 28.5 Hz, Ar), 130.9 (d, JCP = 31.0 Hz, Ar), 
129.8 (d, JCP = 10.0 Hz, Ar), 129.3 (d, JCP = 2.1 Hz, Ar), 129.0 (d, JCP = 2.1 Hz, Ar), 128.3 
(Ar), 128.1 (Ar), 128.0 (Ar), 127.3 (d, JCP = 8.7 Hz, Ar), 127.2 (Ar), 127.1 (d, JCP = 8.0 Hz, 
Ar), 118.0 (Ar), 107.9 (Ar), 106.3 (Ar), 56.8 (t, 4.8 Hz, NCHMo), 53.4 (d, 2.4 Hz, NCH2), 
31.6 (d, JCP = 7.8 Hz, CH2), 29.0 (CH2), 27.5 (d, JCP = 25.7 Hz, CH2), 26.1 (t, 21.8 Hz, 
CH2), 17.1 (CH3), 13.7 (CH3). 
31P NMR (benzene-d6, 161.78 MHz): 40.22 (d, 162.6 Hz, 
PPh2), 16.20 (d, 162.6 Hz, PPh2). 
 
Figure 3.13. 1H NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7) in benzene-d6. 
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Figure 3.14. 13C NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7) in benzene-d6. 
 
Figure 3.15. 31P NMR spectrum of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoI (7) in benzene-d6. 
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Figure 3.16. gHSQCAD NMR spectrum of 7 in benzene-d6. 
3.5.7. Preparation of (Ph2PPrPDI)MoI (8)  
In a nitrogen filled glovebox, a 20 mL reaction vial was charged with 0.002 g (0.083 
mmol) of freshly cut metallic sodium, 0.010 g (0.078 mmol) of naphthalene, and 3 mL of 
THF. The solution was stirred for 30 min to generate a green sodium naphthalenide 
solution. To the solution, 0.075 g (0.078 mmol) of 4 in 10 mL of THF was slowly added 
and the mixture was allowed to stir at ambient temperature for 24 h. The resulting brown 
solution was filtered through Celite and the solvent was removed in vacuo to yield a 
reddish-brown solid. After washing with pentane and drying, 0.049 g (75%) of a dark red 
solid identified as 8 was isolated. Single crystals suitable for X-ray diffraction were grown 
from a concentrated THF/toluene solution at -35 °C. Elemental analysis for 
C39H41N3IMoP2: Calcd. C, 55.99%; H, 4.94%; N, 5.02%. Found: C, 56.10%; H, 4.70%; N, 
4.53%. Magnetic susceptibility: meff = 1.4(1) mB (acetone-d6, 25 °C). 1H NMR (benzene-d6, 
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400 MHz, 25 °C): No resonances located. 31P NMR (benzene-d6, 168.78 MHz, 25 °C): No 
resonances located. 
3.5.8. Preparation of (Ph2PPrPDI)MoH2 (9)  
Method 1. In a nitrogen filled glovebox, a 20 mL reaction vial was charged with 0.080 
g (0.083 mmol) of 4 and 5 mL of toluene, and was placed in a liquid N2 chilled cold well 
for 15 min. To it, 0.220 mL of 1.0 M NaEt3BH in toluene solution dissolved in an additional 
5 mL of toluene was added slowly and the mixture was allowed to stir at room temperature 
for 48 h. The resulting green solution was filtered through Celite and solvent was removed 
under vacuum. After washing with pentane and drying, 0.051 g (86%) of a green solid 
identified as 9 was isolated. Single crystals suitable for X-ray diffraction were obtained 
from a concentrated ether solution at -35 °C. Method 2. In a nitrogen filled glovebox, a 20 
mL reaction vial was charged with 0.022 g (0.0263 mmol) of 7 and 3 mL of toluene, and 
was placed in a liquid N2 chilled cold well for 15 min. To it, 0.090 mL of 1.0 M of toluene 
solution of NaEt3BH in 5 mL of toluene was added slowly and the mixture was allowed to 
stir at room temperature for 48 h. The resulting green solution was filtered through Celite 
and solvent was removed under vacuum. After washing with pentane and drying, 0.010 g 
(55%) of a green solid identified as 9 was isolated. Method 3. In a nitrogen filled glovebox, 
a J. Young NMR tube was charged with 0.015 g (0.0211 mmol) of 5 dissolved in 0.7 mL 
of C6D6. The solution was frozen in liquid nitrogen and degassed on a Schlenk line, and 1 
atm of H2 was added. After heating at 65 °C for 12 h, formation of 9 was observed by 
multinuclear NMR spectroscopy. Elemental analysis for C39H43N3MoP2: Calcd. C, 
65.82%; H, 6.09%; N, 5.90%. Found: C, 66.12%; H, 6.42%; N, 5.96%. 1H NMR (benzene-
d6, 500 MHz): 7.77 (br, 4H, Ph), 7.51 (d, 8.0 Hz, 2H, py), 7.41 (t, 8.0 Hz, 1H, py), 7.13 (br, 
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2H, Ph), 7.06 (m, 4H, Ph), 6.58 (t, 7.0 Hz, 2H, Ph), 6.51 (t, 7.0 Hz, 4H, Ph), 5.68 (br, 4H, 
Ph), 5.44 (t, 12.0 Hz, 2H, NCH2), 5.04 (d, 11.0 Hz, 2H, CH2), 4.20 (t, 36.0 Hz, 2H, MoH2), 
2.53 (s, 6H, CH3), 2.42 (t, 13.0 Hz, 2H, CH2), 2.31 (m, 2H, CH2), 2.02 (m, 2H, CH2), 1.57 
(m, 2H, CH2).
 13C NMR (benzene-d6, 100.49 MHz): 143.8 (C=N), 142.6 (Ar), 138.5 (Ar), 
135.3 (Ar), 132.7 (Ar), 132.0 (Ar), 131.8 (Ar), 130.9 (Ar), 130.5 (Ar), 128.5 (Ar), 127.4 
(Ar), 115.6 (Ar), 106.9 (Ar), 64.8 (NCH2), 32.5 (t, JCP = 14.0 Hz, PCH2), 29.9 (PCH2CH2), 
13.7 (CH3). 
31P NMR (benzene-d6, 161.78 MHz): 43.15 ppm. The following T1 values (ms) 
for the hydride resonance of 7 were obtained via inversion recovery: 249 (20 °C), 204 (0 
°C), 187 (-10 °C), 176 (-20 °C), 195 (-30 °C), 225 (-40 °C). 
Figure 3.17. 1H NMR spectrum of (Ph2PPrPDI)MoH2 (9) in benzene-d6. 
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Figure 3.18. 13C NMR spectrum of (Ph2PPrPDI)MoH2 (9) in benzene-d6. 
 
Figure 3.19. 31P NMR spectrum of (Ph2PPrPDI)MoH2 (9) in benzene-d6. 
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Figure 3.20. gHSQCAD NMR spectrum of (Ph2PPrPDI)MoH2 (9) in benzene-d6. 
3.5.9. Observation of (Ph2PPrPDI)MoD2 (9-d2)  
In a nitrogen filled glovebox, a J. Young NMR tube was charged with 5 dissolved in 0.7 
mL of C6D6. The solution was frozen in liquid nitrogen, degassed on a Schlenk line, and 1 
atm of D2 was added. After heating at 65 °C for 12 h, formation of 9-d2 was observed by 
multinuclear NMR spectroscopy. 2H NMR (benzene-d6, 61.40 MHz): 4.13 (pseudo t, JDP 
= 4.9 Hz, MoD2). 
31P NMR (benzene-d6, 161.78 MHz): 43.50 ppm (m, PPh2). 
 
Figure 3.21. 2H NMR spectrum of 7-d2 in benzene-d6. 
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Figure 3.22. 31P NMR spectrum of 9-d2 in benzene-d6. 
3.5.10. Alternative synthesis of (κ6-P,N,N,N,C,P-Ph2PPrPDI)MoH (5) 
In a nitrogen filled glovebox, a 20 mL reaction vial was charged with 0.035 g (0.042 
mmol) of 7 and 3 mL of toluene, and was placed in a liquid N2 chilled cold well for 15 
min. To it, 0.046 mL of 1.0 M toluene solution of NaEt3BH in 4 mL of toluene was added 
slowly and the mixture was allowed to stir at room temperature for 36 h. The resulting 
green solution was filtered through Celite and the solvent was removed under vacuum. 
After washing with pentane and drying, 0.017 g (57%) of a green compound identified as 
5 was isolated. 
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CHAPTER 4 
HYDROGEN EVOLUTION FROM WATER USING A BIS(IMINO)PYRIDINE 
MOLYBDENUM OXO COMPLEX 
4.1. Abstract  
Heating an acetonitrile solution of [(Ph2PPrPDI)MoI][I] (4) and styrene oxide with two 
equivalents of AgPF6 at 60 °C allowed for the isolation of [(
Ph2PPrPDI)MoO][PF6]2 (10), 
which was found to be an active precatalyst for electrocatalytic generation of H2 from 
neutral water. Analysis of 10 by cyclic voltammetry revealed two reversible transitions at 
-0.70 V and -1.26 V vs Fc+/0, corresponding to the MoIV/III and MoIII/II redox couples, 
respectively. Two irreversible redox events corresponding to MoII/I and MoI/0 were also 
observed at -1.53 and -1.95 V vs Fc+/0, respectively. This complex acts as an efficient 
electrocatalyst for the production of dihydrogen from neutral water with 96% faradaic 
efficiency at an overpotential of 2.46 V and a rate constant of 55 s-1. Two electron reduction 
of 10 using K/C10H8 afforded the key intermediate (
Ph2PPrPDI)MoO (11), a rare example of 
a Mo(II) oxo complex. The intermediate 11 likely mediates H2 evolution through sequential 
proton-coupled electron transfer steps to form (Ph2PPrPDI)Mo(OH2) (12), which releases H2 
following O-H oxidative addition and 1,2-elimination. 
 
 
 
Parts of this chapter have been reproduced from Pal, R.; Laureanti, J. A.; Groy, T. L.; Jones, 
A. K.; Trovitch, R. J. Chemical Communications 2016, 52, 11555-11558 with the 
permission of Royal Society of Chemistry. 
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4.2. Introduction 
The search for a renewable, carbon-neutral, and sustainable energy sources has become 
a long-standing challenge for scientists in the 21st century.1–3 While technological advances 
have been made in solar energy conversion, converting electrical energy into high-energy 
chemical bonds appears to be a promising energy storage methodology.4–6 Due to its eco-
friendly combustion to water and high energy density, dihydrogen has emerged as an 
attractive replacement for fossil fuels.5,7 Hence, developing catalysts which can facilitate 
the reduction of protons to dihydrogen while utilizing earth-abundant, low-cost resources, 
such as neutral pH water, can offer a potential alternative to address the high energy 
demands of modern infrastructure.4,7,8 Water electrolysis is a mature industrial technology; 
however, Ni/C cathodes require highly basic conditions while Pt cathodes are costly and 
operated under highly acidic conditions.9–11 To be economically practical and deployable 
on an industrial scale, catalysts comprised of inexpensive and abundant elements are highly 
desirable.12 This drive has led researchers to develop numerous molecular electrocatalysts 
based on low-cost and earth-abundant first row-transition metals.7,13–15 
While interest in using first-row transition metal-based homogeneous catalysts for 
proton reduction has continued to gain momentum, weak organic acids are often required 
as the proton source and they often suffer from poor solubility, stability, and activity in 
presence of water.14 However, there are organometallic compounds which have shown 
unusual tolerance to water and exhibited interesting water activation chemistry.16–21 In 
particular, the work by Tyler and Yoon20 showed that the low-valent molybdenum 
cyclopentadienyl compound (Cp2Mo) undergoes O-H oxidative addition of water followed 
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by 1,2-elimination of H2 to yield the corresponding oxo complex (Cp2Mo=O). Recently, 
high-valent molybdenum compounds have shown promising catalytic activity, robustness, 
and sustainability for HER while employing water as the feedstock in either neutral8 or 
acidic solutions.22,23 In 2010, Long and coworkers reported a polypyridyl molybdenum(IV) 
oxo precatalyst, [(PY5Me2)MoO][PF6]2 which generates dihydrogen from a pH = 7 
aqueous solution with a TOF 2.3 s-1 at an overpotential of 1.0 V.8 On the other hand, the 
disulfide analogue, [(PY5Me2)Mo(S2)][OSO2CF3]2 was found to catalyze hydrogen 
evolution from pH = 3 solution with TOFs as high as 480 s-1 at an overpotential of 0.78 
V.22 Inspired by these literature precedents, this manuscript describes the preparation of a 
robust Mo(IV) oxo electrocatalyst for H2 production from neutral pH water and its 
mechanism of operation.  
4.3. Results and Discussion 
In the previous chapters, we reported the multi-step synthesis of [(Ph2PPrPDI)MoI][I]24 
(4) starting from (Ph2PPrPDI)Mo(CO) (2)25 through oxidation of the metal center by I2 
followed by thermal removal of the CO ligand. Alternatively, an improved, one-step 
synthesis of 4 has also been reported by heating an equimolar mixture of Ph2PPrPDI26 and 
(CH3CN)2(CO)3MoI2
27 at 110 °C.28  Heating an acetonitrile solution of 4 and styrene oxide 
at 60 °C in the presence of two equivalents of silver hexafluorophosphate (AgPF6) resulted 
in a bright orange compound within a few hours of stirring. Isolation of the desired product 
and analysis by 1H NMR revealed a Cs-symmetric chelate environment about Mo with six 
methylene resonances (Figure 4.2). An equivalent ligand environment is also evidenced by 
31P NMR spectroscopy exhibiting a singlet at 22.9 ppm and a septet at -143.6 ppm which 
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indicates a symmetric coordination motif of both phosphine arms about Mo with two outer-
sphere PF6 counter anions (Figure 4.3). Also, analysis of the product by infrared 
spectroscopy revealed a stretch at 840 cm-1 suggesting the presence of an oxo ligand 
(Figure 4.4).21 Taken together, these data suggest that the newly formed diamagnetic 
compound is a molybdenum (IV) oxo, [(Ph2PPrPDI)MoO][PF6]2 (10, Figure 4.1).  
 
Figure 4.1. Synthesis of [(Ph2PPrPDI)MoO][PF6]2 (10). 
 
Figure 4.2. 1H NMR spectrum of [(Ph2PPrPDI)MoO][PF6]2 (10) in acetonitrile-d3. 
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Figure 4.3. 31P NMR spectrum of [(Ph2PPrPDI)MoO][PF6]2 (10) in acetonitrile-d3. 
 
 
Figure 4.4. Infrared spectrum of [(Ph2PPrPDI)MoO][PF6]2 (10) in KBr. 
A pseudo-octahedral molecular geometry of 10 was confirmed by single crystal X-ray 
diffraction (Figure 4.5) with N(1)-Mo(1)-N(3) and P(1)-Mo(1)-P(2) angles of 139.92(9) 
and 176.84(2) °, respectively (Table 4.1). The short Mo(1)-O(1) distance of 1.693(2) Å is 
consistent with the presence of a triple bond,16,24 rendering 10 an 18-electron complex. 
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Figure 4.5. The solid-state structure of 10 shown at 30% probability ellipsoids. Hydrogen 
atoms have been omitted for clarity. 
Table 4.1. Notable bond lengths (Å) and angles (°) determined for 10, compared with those 
reported for 11. 
 10 11 
Mo(1)-N(1) 2.140(2) 2.062(4) 
Mo(1)-N(2) 2.240(2) 2.101(3) 
Mo(1)-N(3) 2.134(2) 2.068(4) 
Mo(1)-P(1) 2.526(8) 2.530(14) 
Mo(1)-P(2) 2.537(8) 2.508(14) 
Mo(1)-O(1) 1.693(2) 1.797(3) 
N(1)-C(2) 1.294(4) 1.355(5) 
N(3)-C(8) 1.301(4) 1.363(5) 
C(2)-C(3) 1.469(3) 1.420(7) 
C(7)-C(8) 1.480(4) 1.401(7) 
N(1)-Mo(1)-N(3) 139.92(9) 143.9(14) 
P(1)-Mo(1)-P(2) 176.84(2) 166.80(4) 
N(2)-Mo(1)-O(1) 179.10(9) 176.61(16) 
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4.3.1. Cyclic Voltammetry 
The redox chemistry of 10 was probed by cyclic voltammetry in 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) in dry acetonitrile. As shown in 
Figure 4.6, cyclic voltammetry of 10 shows two reversible transitions corresponding to 
MoIV/III and MoIII/II at E1/2 = -0.70 V (𝑖𝑝
𝑎/𝑖𝑝
𝑐  = 1.20 ΔEp = 0.08 V) and E1/2 = -1.26 V (𝑖𝑝
𝑎/𝑖𝑝
𝑐  
= 0.85, ΔEp = 0.08 V), respectively. Two irreversible transitions corresponding to MoII/I 
and MoI/0 are centered at -1.53 and -1.95 V vs Fc+/0 (Fc = ferrocene), respectively. Cycling 
to potentials more oxidizing than +0.5 V vs Fc+/0 results in the loss of the peaks attributed 
to the MoIV/III and MoIII/II transitions. However, when the potential is maintained at 
potentials less oxidizing than Fc+/0, the MoIV/III and MoIII/II transitions do not diminish in 
reversibility. 
 
Figure 4.6. Cyclic voltammogram of 2.1 mM 10 in dry acetonitrile. Experimental 
conditions: 0.1 M TBAPF6 in acetonitrile with a scan rate of 0.2 V s
-1. Arrow indicates the 
initiation point and direction of the cyclic voltammogram. 
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4.3.2. Catalysis in the Presence of Water 
The electrocatalytic activity of 10 for the reduction of water to dihydrogen was 
investigated in dry acetonitrile (ACN), within a potential scan window of -1.3 to -2.8 V vs 
Fc+/0 (Figure 4.7). The ability of the glassy carbon electrode to reduce H2O to H2 is 
negligible in this region (Figure 4.7B). In the presence of 10, sequential addition of water 
from 0.1 to 4.0 M, produces a catalytic wave with linear increase in catalytic current as 
more substrate is introduced (Figure 4.7A). The peak catalytic current, defined here as icat, 
in the presence of >4.0 M water, is independent of water concentration (Figure 4.8A). 
Furthermore, at water concentrations >2.0 M, a pair of reversible redox transitions at 
E1/2 = -1.96 V (𝑖𝑝
𝑎/𝑖𝑝
𝑐  = 1.07 ΔEp = 0.09 V) for [H2O] = 3.5 M appear that are not observed 
at lower concentrations of water (Figure 4.8B). It should be noted that the development of 
the new transition was independent of time, i.e. the catalyst resting in a low concentration 
of water did not develop the reversible couple, while a dramatic increase of water from 0 
to 2.0 M immediately produced the reversible couple upon electrochemical analysis. 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. A. Cyclic voltammograms of 1.25 mM 10 in acetonitrile. [H2O] = 0.0 M 
(black), 0.5 M (dark red), 1.0 M (red), 1.5 M (orange), 2.0 M (yellow-green), 3.0 M (green), 
and 6.0 M (blue). B. Cyclic voltammogram from 2.0 mM 10 in 3.5 M water in acetonitrile 
A B 
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containing 0.1 M TBAPF6 (black). Control experiments employing a rinsed working 
electrode immediately following electrocatalysis and transferred to a neat acetonitrile 
solution containing 0 M (dark red) and 5.0 M water (red). To illustrate that catalysis at a 
glassy carbon electrode is negligible, a solution of acetonitrile containing 6.0 M water in 
the absence of catalyst is shown (blue). Potential scan rate is 0.2 V s-1. 
 
 
Figure 4.8. A. Dependence of catalytic current (icat/ip) on concentration of water. Data 
(squares, k = 55 ± 15 s-1) are averaged from three individual experiments and error bars 
represent one standard deviation. B. Anodic peak that develops at increasing water 
concentrations. Inset (Figure 4.7B constrained to the potential window of the developing 
anodic transition) shows the linear sweep voltammograms from which the potentials are 
derived. Experimental conditions are defined in Figure 4.6. 
 
Production of H2 was detected experimentally by gas chromatography via analysis of 
the head-space from a sealed electrochemical cell following controlled potential 
electrolysis at -2.5 V vs Fc+/0. The faradaic efficiency of hydrogen evolution for 10 was 
calculated to be 96%. The observed overpotential was directly determined for each addition 
of water to acetonitrile by measuring the open circuit potential (OCP) and further 
referencing each addition of water to Fc+/0 as described by Roberts and Bullock.29 Table 4.2 
summarizes the values for Ep/2, overpotential, and OCP values, corrected to V vs Fc
+/0, 
A. B. 
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obtained for each concentration of water investigated, where Ep/2 is the half-wave potential 
of the catalytic wave. The overpotential ranges from 1.65 to 1.70 V from 0.2 to 6.0 M 
water, respectively. The “rinse test” shows that 10 does not decompose to form a 
heterogeneous nanocatalyst on the electrode surface. Immediately following an 
electrocatalytic experiment with 10, the working electrode was rinsed with acetonitrile. As 
shown in Figure 4.7B, cyclic voltammetry in a fresh ACN or 5.0 M H2O/ACN solution 
showed no detectable faradaic peaks or electrocatalysis. This indicates 10 remains in 
solution throughout the electrocatalytic experiments. 
Table 4.2 Overpotential calculated from the open circuit potential (OCP) vs Fc+/0 and Ep/2 
of the catalytic wave associated with 10 at the specified concentration of water in 
acetonitrile. 
[H2O]  
(M) 
OCP 
(V vs Fc+/0) 
Ep/2 
(V vs Fc+/0) 
Overpotential 
 OCP – Ep/2  
(V) 
0.2 -1.10 -2.75 1.65 
0.4 -1.07 -2.74 1.67 
0.6 -1.12 -2.70 1.58 
1.8 -1.08 -2.68 1.60 
2.0 -1.08 -2.69 1.61 
3.5 -1.03 -2.65 1.62 
4.0 -1.03 -2.65 1.62 
5.0 -1.01 -2.64 1.63 
6.0 -0.94 -2.64 1.70 
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The kinetics for the reduction of water to dihydrogen by 10 were evaluated using 
Equations 1-3, where icat is the catalytic peak current, icat/ip is the ratio of peak catalytic 
current (icat) to the peak current (ip) in the absence of substrate, n is the number of electrons 
in the reaction, F is Faraday’s constant, A is the area of the electrode, D is the diffusional 
coefficient of the catalyst, k is the rate constant, R is the ideal gas constant, and T is the 
temperature in Kelvin. Figure 4.9A shows that icat is linear with respect to the concentration 
of catalyst in solution from 0.75 to 1.75 mM of 10. This shows a first order dependence 
with respect to 10. Figure 4.9B shows that the catalytic current, defined as icat/ip, is linear 
with respect to the concentration of water in solution. This shows a second order 
dependence with respect to acid at a scan rate of 0.2 V s-1. Using the average rate for proton 
reduction calculated by Equation 3 for the acid independent region (4.5 - 6.0 M H2O) 
k = 55 ± 15 s-1. 
𝑖𝑐𝑎𝑡 = 𝑛𝐹𝐴[𝑐𝑎𝑡]√𝐷(𝑘[acid]𝑥)     (Eq. 1) 
𝑖𝑐𝑎𝑡
𝑖𝑝
= (
𝑛
0.4463
)√𝑅𝑇(𝑘[acid]𝑥)/𝐹𝑣   (Eq. 2) 
𝑖𝑐𝑎𝑡
𝑖𝑝
= (
𝑛
0.4463
)√𝑅𝑇𝑘/𝐹𝑣      (Eq. 3) 
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Figure 4.9. A. Catalytic current depends linearly on the concentration of 10 present in the 
experiment irrespective of water concentrations. Squares, circles, triangles, and diamonds 
refer to 0.3, 0.6, 1.75, and 3.0 M water, respectively. Solid lines are the lines of best fit 
with R2 = 0.99. B. Dependence of normalized catalytic current on water concentration. 
Triangles, squares, and circles refer to currents extracted from cyclic voltammograms at -
2.8 V vs Fc+/0 for solutions containing 10 at 0.75, 1.25, and 1.75 mM, respectively. Solid 
lines are the lines of best fit (R2 = 0.98). Experimental conditions: acetonitrile containing 
0.1 M TBAPF6 with a scan rate of 0.2 V s
-1. Averaging the rate constant obtained from 
these three individual experiments (in the water concentration range of 0.3 to 1.0 M) yields 
k = 25 ± 5 s-1. 
4.4. Mechanism Elucidation 
Based on the experimental evidence, we sought to understand the mechanism of 
catalytic water reduction. Cyclic voltammetry of 10 exhibits two reversible single electron 
reduction processes and two irreversible reduction events before the initiation of catalytic 
current. Knowing the first two redox events were reversible, a neutral molybdenum oxo 
compound, 11 was isolated by chemical reduction of 10 using two equivalents of potassium 
naphthalenide (Figure 4.10). Work-up of the resulting reddish-brown solution followed by 
multinuclear NMR spectroscopic analysis revealed a diamagnetic product featuring a 31P 
NMR singlet at 4.88 ppm (Figure 4.12). Due to the presence of two strong -acceptor 
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phosphine donor sites, stabilization and isolation of the low-valent, terminal molybdenum 
(II) oxo intermediate has been achieved. This observation supports our hypothesis that two 
successive reversible one-electron reductions of 10 allowed for the formation of 11 (the 
resting state of the catalysis). The solid-state structure of 11 was determined by single 
crystal X-ray diffraction (Figure 4.14) and revealed a near octahedral geaometry. A 
significant elongation of the Mo-O bond to 1.797 (3) in 11 compared to 1.693 (2) of 10 
confirms the reduction of molybdenum oxidation state to Mo(II) from Mo(IV). This is also 
evident from significantly elongated PDI chelate of 11 which features N(1)−C(2) and 
N(3)−C(8) distances of 1.355(5) and 1.363(5) Å, along with contracted C(2)−C(3) and 
C(7)−C(8) distances of 1.420(7) and 1.401(7) Å, respectively (Table 4.1). These bond 
lengths are largely consistent with those reported for Ph2PPrPDI supported Mo(II) 
complexes.24,25,28 
  
Figure 4.10. Synthesis of (Ph2PPrPDI)MoO (11). 
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Figure 4.11. 1H NMR spectrum of (Ph2PPrPDI)MoO (11) in benzene-d6. 
 
Figure 4.12. 31P NMR spectrum of (Ph2PPrPDI)MoO (11)  in benzene-d6. 
 
 
Figure 4.13. The solid-state structure of 11 shown at 30% probability ellipsoids. 
Hydrogen atoms have been removed for clarity. 
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Due to the weakened bond strength, Mo=O in compound 11 exerts high nucleophilicity8 
and undergoes two consecutive proton-coupled single-electron transfer (PCET) processes 
to form [(Ph2PPrPDI)MoI(OH)] and then [(Ph2PPrPDI)Mo0(H2O)]. The formation of 
[(Ph2PPrPDI)Mo0(H2O)] is supported by the accumulation of the reversible transition with 
E1/2 = -1.96 V at higher concentrations of water (>2M) during catalytic experiments (Figure 
4.8B). However, zerovalent Ph2PPrPDIMo is known to undergo C-H activation of the chelate 
to yield an 18-electron compound.24,28 Therefore, there are two possible mechanistic 
pathways that must be considered: (a) 11-mediated O-H oxidative addition followed by 
1,2-elimination of H2 (Fig. 4.18) and (b) protonation of chelate-activated [(κ6-
P,N,N,N,C,P-Ph2PPrPDI)MoH] to liberate H2 followed by 1,2-elimination of the chelate 
(Fig. 4.19). 
To get further insight about the mechanism, stoichiometric water was added to 5 (Figure 
4.14). Generation of the neutral oxo compound with concomitant release of dihydrogen gas 
was observed by 1H NMR spectroscopy (Figure 4.15). Knowing that the involvement of 
the ligand arm is possible during the evolution of dihydrogen from water, a controlled 
potential electrolysis experiment using 10 and excess D2O was performed. After 
continuous accumulation of charge for 30 min, the post electrolysis solution was analyzed 
by multinuclear NMR spectroscopy. While 31P NMR spectrum showed a singlet at 22.9 
ppm corresponding to 10 (Figure 4.16), no resonances related to 10 were detected in 2H 
NMR; however, H/D exchange of acetonitrile in presence of basic deuteroxide ions is 
observed (Figure 4.17).31 Moreover, a C2-symmetric complex presumed to be 12 has also 
been observed by 31P NMR spectroscopy upon adding 4 atm of H2 to 11 (Fig. 4.14). When 
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H2 is removed under vacuum, this complex converts back to 11, indicating the 1,2-
elimination and O–H oxidative addition steps in Fig. 4.18 are reversible. Taken together 
all the experimental information, it is evident that the electrochemical hydrogen evolution 
from water by 10 follows the mechanism shown in Fig. 4.18, not Fig. 4.19. 
  
Figure 4.14. Synthesis of 11 from [(6-P,P,N,N,N,C-Ph2PPrPDI)MoH] (5). 
Figure 4.15. 1H NMR spectrum of 11 in benzene-d6 obtained from stoichiometric H2O 
addition to [(κ6-P,P,N,N,N,C-Ph2PPrPDI)MoH] (5). 
H2 
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Figure 4.16. 31P NMR spectrum of 10 in acetonitrile after bulk electrolysis with D2O. 
 
Figure 4.17. 2H NMR spectrum of 10 in acetonitrile after bulk electrolysis with D2O. The 
peak at 1.96 ppm is due to NCCH2D. 
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Figure 4.18. Proposed electrocatalytic cycle for hydrogen evolution from water. 
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Figure 4.19. Alternative ligand-assisted electrocatalytic cycle for generation of H2 and 
hydroxide ions from water. 
4.5. Conclusion 
The synthesis, characterization, and catalytic properties of a well-defined, redox-active 
ligand supported Mo oxo compound for the reduction of water to H2 have been established. 
Halogen abstraction following AgPF6 addition to 4
24 in presence of an oxo-donor such as 
styrene oxide allowed for the isolation of the oxidized molybdenum (IV) oxo compound, 
10. Cyclic voltammetry of compound 10 showed two successive reversible reductions 
corresponding to MoIV/III and MoIII/II, respectively. Compound 10 was found to catalyze 
electrochemical reduction of water to dihydrogen and hydroxide with a rate constant of 55 
s-1 at an overpotential of 2.45 V. The reduction of 10 using two equivalents of K/C10H8 
allowed for isolation of the corresponding rare terminal Mo(II) oxo compound, 11. 
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Interestingly, stoichiometric water addition to the C-H activated compound 5 resulted in 
the formation of 11 with concomitant release of dihydrogen, Although, this phenomena 
sheds light on the possibility of chelate arm involvement during the electrochemical 
generation of hydrogen, a controlled potential electrolysis experiment was conducted using 
D2O as substrate. This experiment did not produce any evidence of deuterium incorporation 
into the chelate arm. Also, formation of 12 was observed when 11 was exposed to H2 
atmosphere, which reverts back to 11 under vacuum. Taken together, we propose a 
mechanism for the evolution of dihydrogen from water which includes two successive 
proton-coupled, two-electron reductions to form the active catalyst, 11 followed by 
oxidative addition of O-H and 1,2-elimination. It is hoped that the electrochemical 
reactivity reported herein highlights the promise of high-denticity, redox non-innocent PDI 
chelates in catalyst design for use in renewable energy production. 
4.6. Experimental Details 
4.6.1. General Considerations 
All chemical manipulations were performed in an MBraun glovebox under an 
atmosphere of purified nitrogen. Diethyl ether, pentane, tetrahydrofuran, and toluene 
(Sigma Aldrich: St. Louis, MO) were dried using Pure Process Technology (PPT) solvent 
system, and stored in the glove box over activated 4Å molecular sieves and metallic sodium 
(Alfa Aesar: Haverhill, MA) before use. Acetonitrile was dried by distillation over calcium 
hydride. Acetonitrile-d3, benzene-d6 (Cambridge Isotope Laboratories: Tewksbury, MA) 
were dried over 3Å and 4Å molecular sieves, respectively, and metallic potassium (Sigma 
Aldrich: St. Louis, MO) prior to use. 2,6-Diacetylpyridine (TCI America: Portland, OR), 
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Celite (Acros Organics: Geel, Belgium), Silver hexafluorophosphate (Strem: 
Newburyport, MA), and tetrabutylammonium hexafluorophosphate (TBAPF6) (Sigma 
Aldrich) were used without further manipulation. Ph2PPrPDI26 and [Ph2PPrPDIMoI]I24  were 
prepared according to literature procedures. Solution phase 1H, 13C, and 31P nuclear 
magnetic resonance (NMR) spectra were recorded at room temperature on either 400 MHz 
or 500 MHz Varian NMR spectrometer. All 1H and 13C NMR chemical shifts are reported 
relative to Si(CH3)4 using 
1H (residual) and 13C chemical shifts of the solvent as secondary 
standards. 31P NMR data are reported relative to H3PO4. Elemental analyses were 
performed at Robertson Microlit Laboratories Inc. (Ledgewood, NJ). 
4.6.2. Electrochemistry 
All electrochemical investigations were carried out under a nitrogen atmosphere using 
a PG-STAT 128N Autolab electrochemical analyzer. A conventional three-electrode cell 
was used for recording cyclic voltammograms. Glassy carbon working electrodes (3 mm 
diameter) were prepared by successive polishing with 1.0 and 0.3 µm alumina slurries, 
followed by sonication (5 min) in ultrapure water after each polishing step. The supporting 
electrolyte was 0.1 M TBAPF6 in acetonitrile. The Ag/Ag
+ pseudoreference electrode was 
prepared by immersing a silver wire anodized with AgCl in a glass sheath equipped with a 
CoralPor frit (BASi: West Lafayette, IN) and loaded with 0.1 M TBAPF6 in acetonitrile. 
A platinum wire was used as the counter electrode. All potentials are reported to the 
ferrocene/ferrocenium (Fc+/0) couple as a reference. 
Controlled potential experiments were completed in a custom-made, airtight, 
electrochemical cell equipped with a gas-tight sampling port. The electrochemical cell 
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mirrored the conventional three-electrode cell described above. The quantity of H2 
produced was determined by sampling the headspace gas via a gastight syringe at the end 
of the experiment. Headspace gas was injected to an SRI model 310 gas chromatograph 
(GC) equipped with a thermal conductivity detector (TCD) and a 6’ molecular sieve 13X 
packed column; argon was used as the carrier gas. The GC-TCD was calibrated using the 
area of the peak resulting from an injection of a known concentration of H2 in N2. 
4.6.3. Open Circuit Potential Determination 
Open circuit potentials (OCP) were determined using the method described by Roberts and 
Bullock29 in a 10 mL four-neck, airtight electrochemical cell equipped with three electrodes 
as described above and a gas-tight sampling port. An acetonitrile solution containing 0.1 
M TBAPF6 was purged with 1 atm H2 gas. The working electrode was then connected to 
the platinum counter electrode (now the working electrode) and water was introduced to 
the desired molar concentration. The OCP was recorded following stabilization. Potentials 
were adjusted to the Fc+/0 reference scale using a cyclic voltammogram of Fc at each water 
concentration obtained with glassy carbon as the working electrode. Results are provided 
in Table 4.2. 
4.6.4. X-ray Crystallography 
Single crystals suitable for X-ray diffraction were coated with polyisobutylene oil in the 
glovebox and transferred to glass fiber with Apiezon N grease before mounting on the 
goniometer head of a Bruker APEX Diffractometer (Arizona State University) equipped 
with Mo Kα radiation. A hemisphere routine was used for data collection and determination 
of the lattice constants. The space group was identified and the data was processed using 
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the Bruker SAINT+ program and corrected for absorption using SADABS. The structures 
were solved using direct methods (SHELXS) completed by subsequent Fourier synthesis 
and refined by full-matrix, least-squares procedures on [F2] (SHELXL). 
4.6.5. Synthesis of [(Ph2PPrPDI)MoO][PF6]2 (10) 
In a nitrogen filled glovebox, a 20 mL reaction vial was wrapped with electrical tape, 
and charged with 0.090 g (0.093 mmol) of 4, 0.012 g (0.1 mmol) of styrene oxide, and 3 
mL of acetonitrile. To this solution, 0.048 g (0.19 mmol) of AgPF6 in 5 mL of acetonitrile 
was added slowly while stirring. The reaction vial was sealed and allowed to heat at 60 °C 
for 12 h. The orange solution was allowed to cool down to room temperature for complete 
precipitation of insoluble AgI after which the solution was filtered through Celite and dried 
under vacuum. A bright orange compound was extracted from acetone and dried under 
vacuum to isolate 0.069 g (73%) of solid identified as 10. Suitable crystals were grown 
from acetone/THF at -15 °C. Elemental analysis for C39H41N3MoP4OF12: Calcd. C, 
46.12%; H, 4.07%; N, 4.14%. Found: C, 46.40%; H, 4.16%; N, 4.05%. 1H NMR 
(acetonitrile-d3, 400 MHz): 7.83 (m, 4H, Ph), 7.60 (m, 9H, Ph), 7.42 (t, 7.6 Hz, 2H, Ph), 
7.30 (t, 7.6 Hz, 4H, Ph), 7.21 (t, 8.0 Hz, 1H, Py), 6.30 (d, 8.0 Hz, 2H, Py), 4.25 (d, 13.2 
Hz, 2H, CH2), 3.65 (m, 2H, CH2), 3.44 (m, 2H, CH2), 2.56 (m, 4H, CH2), 2.35 (m, 2H, 
CH2), 2.10 (s, 6H, CH3).
 13C NMR (Acetonitrile-d3, 100.49 MHz): 172.4 (C=N), 155.2 
(Ar), 145.2 (Ar), 134.3 (t, 6.7 Hz, Ph), 133.3 (Ar), 133.2 (t, 2.5 Hz, Ph), 132.8 (Ar), 131.9 
(t, 20.9, Ph), 130.8 (t, 5.0 Hz, Ph), 130.7 (t, 5.0 Hz, Ph), 126.7 (t, 23.1 Hz, Ph), 126.2 (Ar), 
57.3 (NCH2), 29.0 (t, 10.6 Hz, PCH2), 26.8 (PCH2CH2), 16.6 (CH3). 
31P NMR (benzene-
d6, 161.78 MHz): 22.9 ppm (PPh2), -143.6 (sept, 705 Hz, PF6). 
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Figure 4.20. 13C NMR spectrum of [(Ph2PPrPDI)MoO][PF6]2 (10) in acetonitrile-d3. 
 
 
Figure 4.21. gHSQCAD NMR spectrum of [(Ph2PPrPDI)MoO][PF6]2 (10) in acetonitrile-
d3. 
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4.6.6. Synthesis of (Ph2PPrPDI)MoO (11) 
Method 1. In a nitrogen filled glovebox, a 20 mL reaction vial was charged with 0.0038 g 
(0.098 mmol) of freshly cut metallic potassium, 0.0122 g (0.095 mmol) of naphthalene, 
and 2 mL of THF. The solution was stirred for 30 min to form green potassium 
naphthalenide solution. To it, 0.051 g (0.050 mmol) of 10 in 10 mL of THF was slowly 
added and the mixture was allowed to stir at ambient temperature for 24 h. The resulting 
brown solution was filtered through Celite and the solvent was removed in vacuo. After 
washing with cold pentane and drying, 0.025 g (68%) of a brownish-red solid identified as 
11 was isolated. Method 2. In a nitrogen filled glovebox, a 20 mL reaction vial was charged 
with 0.030 g (0.042 mmol) of 5, and dissolved in 2 mL of toluene. Followed by addition 
of 0.001 mL of H2O, the mixture was stirred at ambient temperature for 12 h. The reddish-
brown solution was filtered through Celite, and dried in vacuo. After washing with cold 
pentane, 0.025 g (81%) of brown solid identified as 11 was isolated. Suitable crystals were 
grown from concentrated ether solution at -35 °C. Elemental analysis for C39H41N3MoP2O: 
Calcd. C, 64.55%; H, 5.69%; N, 5.79%. Found: C, 63.54%; H, 5.60%; N, 5.30%. 1H NMR 
(benzene-d6, 500 MHz): 7.88 (m, 4H, Ph), 7.66 (d, 8 Hz, 2H, Py), 7.39 (br, 1H, Py), 7.07 
(t, 7.5 Hz, 4H, Ph), 7.01 (m, 2H, Ph), 6.67 (t, 7.4 Hz, 2H, Ph), 6.53 (d, 7.5 Hz, 4H, Ph), 
5.58 (t, 12.5 Hz, 2H, NCH2), 5.45 (br, 4H, Ph), 4.85 (d, 12.5 Hz, 2H, NCH2), 3.35 (3, 12.0 
Hz, 2H, CH2), 2.80 (s, 6H, CH3), 2.20 (br, 2H, CH2), 1.79 (br, 2H, CH2), 1.59 (m, 2H, 
CH2).
 13C NMR (benzene-d6, 100.49 MHz): 138.95 (t, 10.0 Hz, Ph), 136.64 (Ar), 133.07 
(t, 7.0 Hz, Ar), 132.41 (t, 7.0 Hz, Ph), 130.01 (Ar), 129.26 (Ar), 128.84 (Ar), 128.64 (Ph), 
128.3 (Ar), 128.18 (Ar), 127.58 (t, 3.0 Hz, Ph), 112.60 (Py), 109.07 (Py), 58.53 (NCH2), 
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28.69 (t, 8.0 Hz, PCH2), 27.41 (PCH2CH2), 13.5 (CH3). 
31P NMR (benzene-d6, 161.78 
MHz): 4.88 ppm (PPh2). 
 
Figure 4.22. 13C NMR spectrum of (Ph2PPrPDI)MoO (11) in benzene-d6. 
 
Figure 4.23. Infrared spectrum of (Ph2PPrPDI)MoO (11) in KBr. 
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Figure 4.24. gHSQCAD NMR spectrum of 11 in benzene-d6. 
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CHAPTER 5 
DIRECT CONVERSION OF CARBON DIOXIDE TO MOLECULAR OXYGEN AND 
CARBON MONOXIDE 
5.1. Abstract 
Global carbon emissions have increased significantly in last two centuries due to the 
industrial revolution. To combat the projected impacts on world climate, sustainable 
utilization of CO2 as a carbon feedstock for renewable organic products is of prime interest. 
While capture and sequestration can mitigate CO2 release to the atmosphere, the metal-
mediated activation and multi-electron reduction of this greenhouse gas to commodity 
chemicals and fuels is perhaps the most promising long term solution. In attempt to mimic 
photosystems, several homogeneous and heterogeneous catalysts have been reported which 
can reduce CO2 to CO with concomitant oxidation of water to molecular oxygen (O2); 
however, direct conversion of CO2 to O2 is rare. While extremely harsh conditions, such 
as thermal decomposition of CO2 over a mixed-metal oxide surface at 900 °C, and photo-
dissociation using vacuum ultra-violet (VUV) radiation allowed for formation of O2 from 
CO2, utilization of mild conditions for this transformation has remained a far-reached 
dream of scientists. Here we report, a molybdenum bis(dinitrogen) complex stabilized by 
a redox non-innocent diimine chelate, that enables for the first time, direct conversion of 
CO2 to O2 and CO at ambient-temperature. The combination of experimental studies with 
DFT calculations suggests that this rare two-electron transformation is achieved via a novel 
tail-to-tail reductive coupling of two CO2 molecules forming a diformyl peroxide 
intermediate which spontaneously dissociates into O2 and the corresponding dicarbonyl 
complex. We anticipate that this finding may prove valuable in the development of 
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catalysts for multi-electron reductive coupling of CO2 in future O2 generation systems, 
non-aqueous artificial photosystems, and solar cells. Moreover, the results described herein 
may stand useful in creating oxygenic atmosphere on Mars, where the atmosphere is 96% 
CO2. 
5.2. Introduction  
Carbon dioxide is one of the main greenhouse gases which is responsible for global 
warming.1 However, recent scientific and technological advancements have shown that 
CO2 can be used as a renewable C1-building block in the industrial-scale manufacturing of 
fine-chemicals, commodity products, and alternative fuels.2 In nature, the most important 
CO2 reduction process takes place during photosynthesis where CO2 molecules are 
enzymatically converted into Cn-sugars with the concomitant oxidation of water to O2. In 
order to mimic photosystems, T. J. Meyer and co-workers have recently showed that a 
homogeneous Ru electrocatalyst reduces CO2 to CO and oxidizes H2O to O2 at the same 
time.3 However, synthetic chemists have not had great deal of success developing artificial 
catalysts which can directly reduce CO2 to CO and O2 under mild conditions.
 To overcome 
the inherent large thermodynamic and kinetic barrier of CO2 to CO and O2 transformation,
4 
thermal decomposition of CO2 over a mixed-metal oxide containing furnace has been 
reported,5 however, a maximum of 20% conversion was achieved at 900 °C. Alternatively, 
high energy vacuum VUV radiation was shown to enact decomposition of CO2 to elemental 
C and O2,
6 albeit with only 5% conversion. While the metal-assisted reduction of CO2 to 
CO requires external reductants and yields O2-,7 CO3
2-,8 or H2O
9 as the oxygenated by 
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products; reductant-free direct conversion of CO2 to CO and O2 using a metal complex at 
room-temperature has not been reported. 
Despite the inherent thermodynamic stability of CO2,
4,10 an aptly designed metal 
complex can activate and reduce CO2.
2 Although 1-C11 and 2-C,O12 are the most 
common modes of CO2 coordination to a transition metal complex, 1-O13 and polymetallic 
binding of CO2 are also known.
10 While the coordination chemistry of CO2 with transition 
metals is diverse and well explored, reductive coupling of two CO2 molecules at a single 
metal-site are limited.14,15 Although CO2 molecules can couple in a head-to-head, head-to-
tail, or tail-to-tail fashion (Fig. 5.1), the reported metal-mediated CO2 coupling processes 
have exclusively proceeded in head-to-head (C-C bond formation)14 or head-to-tail (C-O 
bond formation)9d,8c,15 fashion, with the later often known to undergo subsequent 
disproportionation to generate CO3
2- and CO.15a,b The tail-to-tail reductive coupling of two 
CO2 molecules at a single metal site by means of O-O bond formation, has remained elusive 
till date. 
 
Figure 5.1. Reductive coupling modes of CO2. A. Tail-to-tail (O,O) coupling. B. Head-
to-head (C,C) coupling. C. Head-to-tail (C,O) coupling. 
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We have reported recently that the phosphine supported PDI chelate, Ph2PPrPDI16 allows 
for Mo catalyzed reactions, such as hydrosilylation of aldehydes to silyl ethers,17 
hydroboration of CO2 to methoxide,
18 and reduction of H2O to H2.
19 However, in order to 
achieve reductive coupling of two CO2 molecules, a metal complex with two open 
coordination sites in the cis-fashion is required.21 The addition of CO2 to cis-
(Me3P)4Mo(N2)2, as reported by Chatt and co-workers,
15a allowed for the displacement of 
labile N2 ligands to generate the corresponding bis(carbon dioxide) complex which 
undergoes head-to-tail reductive coupling to yield CO3
2- bridged dimer upon 
disproportionation.15a,b While Mo-mediated CO2 coupling has exclusively observed in a 
head-to-tail mode to generate CO and CO3
2-,15a,b we hypothesized that the rigid spatial 
orientation of tetra-coordinated -diimine ligand, Ph2PPrDI22 supported Mo complex may 
provide the platform required to promote O-O coupling over C-O coupling when exposed 
to CO2 atmosphere. 
5.3. Results and Discussion 
A six-coordinate Mo(II) diiodide complex, (Ph2PPrDI)MoI2 (13, Fig. 5.2) was isolated 
when an equimolar mixture of Ph2PPrDI22 and (CH3CN)2(CO)3MoI2
23 was refluxed. 
Compound 13 showed broad paramagnetic resonances in the 1H NMR spectrum over the 
range of 90 ppm to -50 ppm (Fig. 5.3) and exhibits a magnetic moment of 2.45 B 
suggesting two unpaired electrons on the metal center. This compound was further 
characterized by single crystal X-ray diffraction (Fig. 5.4, left) and was found to possess a 
distorted octahedral geometry about molybdenum. Significant elongation of C(2)-N(1) and 
C(3)-N(2) bond distances to 1.368 (4) and 1.350 (3) Å in the diimine fragment, and 
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contraction of C(2)-C(3) bond to 1.398 (3) Å suggest strong backdonation from Mo(II) to 
the -accepting diimine chelate. Interestingly, unlike the PDI analogue, 
[(Ph2PPrPDI)MoI][I],18 compound 13 did not undergo ligand C-H activation upon reduction 
with K/Hg. However, a red diamagnetic bis(dinitrogen) complex, (Ph2PPrDI)Mo(N2)2 (14, 
Fig. 5.2) with a singlet resonance in its 31P NMR spectrum at 46.00 ppm (Fig. 5.6) was 
isolated. Symmetric chelate coordination about the metal was further confirmed by the 
presence of six methylene resonances in the 1H NMR spectrum (Fig. 5.5).  
Figure 5.2. Synthesis of (Ph2PPrDI)MoI2 (13) and (
Ph2PPrDI)Mo(N2)2 (14). 
Figure 5.3. 1H NMR of (Ph2PPrDI)MoI2 (13) in benzene-d6. 
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Moreover, two stretching frequencies at 1895 and 1980 cm-1 were identified in the 
infrared spectrum, corresponding to the symmetric and asymmetric N≡N bond stretches 
for two cis-dinitrogen ligands and formation of (Ph2PPrDI)Mo(N2)2 (14) (Fig. 5.7). To 
confirm formation of the cis-isomer, the solid state structure of 14 was determined by single 
crystal X-ray diffraction (Fig. 5.4, middle). This compound was found to have two N2 
ligands and a near octahedral geometry around the metal with N(1)-Mo(1)-N(2) and P(1)-
Mo(1)-P(2) angles of 73.24 (8) and 172.63 (2) °, respectively. The elongation of C(2)-N(1) 
and contraction of C(2)-C(3) bond distances to 1.345 (5) and 1.405 (4) Å, respectively, are 
evidence for substantial -back bonding between the expanded Mo d-orbitals to the low-
lying LUMOs of DI chelate. Also, the slightly elongated N(3)-N(4) and N(5)-N(6) bond 
lengths to 1.147 (3) and 1.140 (3) Å suggest weak activation of the bound N2 ligands. 
  
 
 
 
 
Figure 5.4. Single crystal structures of 13 (left), 14 (middle), and 15 (right). 
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Figure 5.5. 1H NMR of (Ph2PPrDI)Mo(N2)2 (14) in benzene-d6. 
 
Figure 5.6. 31P NMR of (Ph2PPrDI)Mo(N2)2 (14) in benzene-d6. 
When a J. Young tube containing a frozen C6D6 solution of 14 was exposed to an 
atmosphere of CO2, complete conversion to a new diamagnetic compound with a color 
change from red to bluish-purple was observed by multinuclear NMR spectroscopy after 
26 h at room temperature. The 31P NMR spectrum showed a singlet at 57.94 ppm (Fig. 5.9) 
and the presence of six methylene resonances by 1H NMR spectroscopy (Fig. 5.8) suggest 
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symmetric ligand coordination around Mo. Interestingly, infrared spectroscopy of the 
newly formed compound showed two stretching frequencies at 1845 and 1760 cm-1 (Fig. 
5.10) consistent with the symmetric and asymmetric vibration modes of two cis-CO 
ligands, suggesting that the newly formed compound is the dicarbonyl complex, cis-
(Ph2PPrDI)Mo(CO)2 (15, Fig. 5.7). Formation of this compound is also supported by the 
presence of a triplet at 246.1 ppm in the 13C NMR spectrum suggesting the presence of CO 
ligands in the product. The identity of 15 was further confirmed by single crystal X-ray 
diffraction (Fig. 5.4, right). Notably, in case of 14 and 15, due to competition between the 
-accepting ligands, DI and N2, and DI and CO, respectively, the degree of backbonding 
towards DI in 14 and 15 is less than that observed in 13, even though these compounds are 
zerovalent. Moreover, compound 15 can be prepared independently by refluxing Mo(CO)6 
with Ph2PPrDI at 110 °C (Fig. 5.7) while reaction of 15 with I2 followed by heating to 100 
°C affords 13. 
 
 
 
 
Figure 5.7. Formation of (Ph2PPrDI)Mo(CO)2 (15) from (
Ph2PPrDI)Mo(N2)2 (14) and CO2 
(forward), and from Mo(CO)6 (reverse). 
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Figure 5.8. 1H NMR of (Ph2PPrDI)Mo(CO)2 (15) in benzene-d6. 
 
Figure 5.9. 31P NMR of (Ph2PPrDI)Mo(CO)2 (15) in benzene-d6. 
 
Figure 5.10. Infrared spectrum of (Ph2PPrDI)Mo(CO)2 (15) in KBr pellet. 
0.8
0.84
0.88
0.92
0.96
1
10001300160019002200250028003100
Wavenumber (cm-1)
T
ra
n
sm
it
ta
n
c
e
1845 cm-1
1760 cm-1
158 
 
Table 5.1. Notable bond lengths (Å) and angles (°) determined for 13, 14, and 15. 
 13 14 15 
Mo(1)-N(1) 2.064(5)  2.102(2) 2.164(3) 
Mo(1)-N(2) 2.068(5) 2.101(2) 2.153(3) 
Mo(1)-N(3) - 2.002(2) - 
Mo(1)-N(5) - 2.003(2) - 
Mo(1)-P(1) 2.551(18) 2.465(6) 2.451(11) 
Mo(1)-P(2) 2.533(18) 2.467(6) 2.443(11) 
Mo(1)-I(1) 2.821(7) - - 
Mo(1)-I(2) 2.841(7) - - 
Mo(1)-C(35) - - 1.965(4) 
Mo(1)-C(36) - - 1.946(4) 
N(1)-C(2) 1.369(8) 1.341(3) 1.325(5) 
N(2)-C(3) 1.351(8) 1.347(3) 1.327(5) 
C(2)-C(3) 1.397(9) 1.405(4) 1.438(6) 
C(35)-O(1) - - 1.175(5) 
C(36)-O(2) - - 1.181(5) 
N(3)-N(4) - 1.134(3) - 
N(5)-N(6)  1.128(3) - 
    
N(1)-Mo(1)-N(2) 74.5(2) 73.24(8) 71.37(12) 
N(3)-Mo(1)-N(5) - 97.29(8) - 
P(1)-Mo(1)-P(2) 177.98(6) 172.63(2) 175.08(4) 
I(1)-Mo(1)-I(2) 91.79(2) - - 
To account for the two missing oxygen atoms, several experiments have been 
performed. The IR spectrum of the reaction mixture did not reveal Mo=O or CO3
2- stretches 
and the 13C NMR spectrum also discarded the possibility of CO3
2- formation. However, 
when the head-space of the completed reaction was analyzed by gas chromatography, 
formation of dioxygen (O2) was observed.  Thrilled by the formation of O2 and CO from 
CO2, the operating pathway was investigated. Using time-dependent 
31P NMR 
spectroscopy, it was observed that the reaction goes through a left-right inequivalent 
intermediate, presumed to be (Ph2PPrDI)Mo(CO2)(N2) (16), which exhibits two doublet 
resonances in the 31P NMR spectrum at 39.5 and 19.5 ppm (JPP = 202 Hz) (Fig. 5. 11). 
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Insertion of the second CO2 molecule into the Mo-O bond of 16 allows for O-O bond 
formation resulting from the tail-to-tail reductive coupling of CO2 molecules to generate 
the energetically unfavorable diformyl peroxide metallacycle, (Ph2PPrDI)Mo(C,C-C2O4) (17, 
Fig. 5.12). At ambient temperature, the intermediate 17 spontaneously dissociates into O2 
and dicarbonyl complex, 15. To further support our proposed mechanistic pathway, DFT 
calculations at B3LYP/LANL2DZ level are currently being performed.  
 
Figure 5.11. Time-dependent 31P NMR spectroscopy after addition of 1 atm CO2 to 14. 
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Figure 5.12. Proposed mechanistic pathway for the formation of (Ph2PPrDI)Mo(CO)2 (15) 
and O2 from (
Ph2PPrDI)Mo(N2)2 (14) and CO2. 
5.4. Attempts Toward Catalytic O2 Generation from CO2 
Realizing that reductant-free, direct conversion of CO2 to O2 and CO can be achieved 
at room temperature using 14, several attempts have been made to make the reaction 
catalytic. However, due to the substantial backbonding from zero-valent Mo to CO ligands, 
neither heating the reaction mixture at as high as 130 °C nor exposing to UV radiation 
resulted in removal of the coordinated CO ligands, an essential step to turn over the 
reaction. In order to make the transformation catalytic, we hope to modify the electronic 
properties of the chelate to disfavor Mo-CO backbonding. It is anticipated that this 
modification will allow for thermolytic or photolytic dissociation of newly formed CO 
ligands to enable catalysis in presence of CO2. The extended -backbone containing DI 
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chelates of acenaphthenequinone and phenanthrenequinone are better-accepting ligands 
compared to the DI analogue. With this in mind, a series of novel Mo dicarbonyl complexes 
are currently being synthesized by refluxing Mo(CO)6 with the corresponding ligands (Fig. 
5.13) and their catalytic activity will be investigated. 
 
Figure 5.13. PDI and modified DI supported Mo dicarbonyl complexes. 
 Another approach to achieve a catalytic CO2 to CO and O2 transformation is to utilize 
the two-electron redox couple of Mo0/II to weaken Mo-CO backdonation. This can be done 
in two ways: i) oxidation of Mo(0) to Mo(II) using a suitable oxidizing agent, such as 
[Cp2Co][PF6] followed by thermal dissociation of the newly formed CO ligands with 
concomitant reduction of Mo(II) to Mo(0) by in situ generated Cp2Co, and ii) oxidative 
addition of a weak bond followed by CO liberation upon heating and reductive elimination 
to regenerate Mo(0) to continue catalysis in presence of CO2. 
5.5. Conclusion 
The synthesis, characterization, and ability of a Mo bis(dinitrogen) complex to reduce 
CO2 to CO and O2 have been established. Our work demonstrates that well-defined 
monometallic molybdenum complex, 14 can couple CO2 in a novel tail-to-tail fashion to 
form 17 upon O-O bond formation, which dissociates into O2 and the corresponding 
di(carbonyl) complex 15. A mild and reductant-free conversion of CO2 to CO and O2 is 
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exciting since CO can be converted to hydrocarbons using the Fischer-Tropsch process. 
Furthermore, direct conversion of CO2 to O2 is of great interest to scientists studying the 
colonization of Mars. This finding may provide suitable alternatives for designing a long-
lived catalyst to the researchers who are planning on sending a rover to Mars in 2020 that 
will convert CO2 (Martian atmosphere is 95% CO2) into CO and O2 using a solid oxide 
electrolysis at 800 °C, separate the O2, and store it until 2030 for the astronauts arrive after 
2030. Finally, the unprecedented transformation observed here will find applications in 
future O2 generation systems, CO2 utilization chemistry, and will shed light in designing 
non-aqueous artificial photosystems. 
5.6. Experimental Details 
5.6.1. General Considerations 
Unless otherwise mentioned, all chemical manipulations were performed in an MBraun 
glovebox under an atmosphere of purified nitrogen. Diethyl ether, pentane, 
tetrahydrofuran, and toluene (Sigma Aldrich) were dried using a Pure Process Technology 
(PPT) solvent system, and stored in the glove box over activated 4Å molecular sieves and 
metallic potassium (Alfa Aesar) prior to use. Dichloromethane was purchased from Sigma 
Aldrich and dried over 4 Å molecular sieves before use. Acetonitrile was dried by 
distillation over calcium hydride and stored in the glove box over activated 3 Å molecular 
sieves. Acetonitrile-d3, benzene-d6 (Cambridge Isotope Laboratories) were dried over 3Å 
and 4Å molecular sieves, respectively, and metallic potassium (for benzene-d6) prior to 
use. 2,3-Butadione (TCI America), Celite (Acros Organics), and Mo(CO)6 (Strem) were 
used without further purification. Ph2PPrDI22 and (MeCN)2(CO)3MoI2
23 were prepared 
according to literature procedures. Solution phase 1H, 13C, and 31P nuclear magnetic 
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resonance (NMR) spectra were recorded at room temperature on either 400 MHz or 500 
MHz Varian NMR spectrometer. All 1H and 13C NMR chemical shifts are reported relative 
to Si(CH3)4 using 
1H (residual) and 13C chemical shifts of the solvent as secondary 
standards. 31P NMR data are reported relative to H3PO4. Elemental analyses were 
performed at Robertson Microlit Laboratories Inc. (Ledgewood, NJ). 
5.6.2. X-ray Crystallography 
Single crystals suitable for X-ray diffraction were coated with polyisobutylene oil in the 
glovebox and transferred to glass fiber with Apiezon N grease before mounting on the 
goniometer head of a Bruker APEX Diffractometer (Arizona State University) equipped 
with Mo Kα radiation. A hemisphere routine was used for data collection and determination 
of the lattice constants. The space group was identified and the data was processed using 
the Bruker SAINT+ program and corrected for absorption using SADABS. The structures 
were solved using direct methods (SHELXS) completed by subsequent Fourier synthesis 
and refined by full-matrix, least-squares procedures on [F2] (SHELXL). 
5.6.3. Synthesis of (Ph2PPrDI)MoI2 (13) 
Method 1. A 100 mL thick-walled reaction vessel equipped with a magnetic stir bar was 
charged with 0.105 g (0.203 mmol) of (MeCN)2(CO)3MoI2 and 0.110 g (0.203 mmol) of 
Ph2PPrDI dissolved in 10 mL THF. The sealed bomb was frozen in liquid nitrogen and 
degassed on a Schlenk line before being refluxed at 120 °C in a preheated oil bath. After 
24 h, the reaction mixture was cooled to room temperature and was once again degassed 
on the Schlenk line. Once the liberated CO gas was removed, the reaction was allowed to 
reflux for another 48 h at 120 °C to ensure reaction completion. After removing CO in the 
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same way, the bomb was brought inside the glove box and the solution was filtered through 
Celite. After removing the volatiles under vacuum, the product was washed with 5 mL 
acetonitrile and a dark green compound was extracted with dichloromethane and dried 
under vacuum to yield 0.155 g (0.175 mmol, 86%) of a green crystalline solid, identified 
as 13. Method 2. A 100 mL thick-walled reaction vessel equipped with a magnetic stir bar 
was charged with 0.090 g (0.131 mmol) of 15 and 5 mL THF. To it, 0.035 g (0.137 mmol) 
iodine (I2) dissolved in 5 mL THF was added slowly while stirring. An immediate color 
change from green to reddish-orange was observed, indicating oxidative addition of I2. The 
sealed bomb was stirred at 25 °C for 2 h then frozen in liquid nitrogen and degassed on a 
Schlenk line before being refluxed at 100 °C in a preheated oil bath. After 1 h, the greenish 
reaction mixture was allowed to cool at room temperature and was once again degassed on 
the Schlenk line. Once the liberated CO gas was removed, the reaction was allowed to 
reflux for another 1 h at 100 °C to ensure reaction completion. After removing CO in the 
same way, the bomb was brought inside the glove box and the solution was filtered through 
Celite. After removing the volatiles under vacuum, the product was washed with 3 mL 
acetonitrile, extracted with dichloromethane, and dried under vacuum to yield 0.090 g 
(0.101 mmol, 78%) of a green crystalline solid identified as 13. Single crystals suitable for 
X-ray diffraction were grown from a concentrated solution in THF at -35 °C. Anal. calcd. 
for C34H38N2MoI2P2: Calcd. C, 46.07%; H, 4.32%; N, 3.16%. Found: C, 46.32%, H, 4.38%, 
N, 3.23%. 1H NMR (benzene-d6, 400 MHz):  84.0 (30.0 Hz), 52.0 (12.6 Hz), 31.3 (48.5 
Hz), 27.3 (63 Hz), 1.1 (49.8 Hz), 10.6 (13.8 Hz), 10.3 (61.7 Hz), 9.5 (13.5 Hz), -9.6 (179.5 
Hz), -23.1 (76.0 Hz), -49.8 (12.7 Hz). eff = 2.45 B. 
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5.6.4. Synthesis of (Ph2PPrDI)Mo(N2)2 (14) 
In a nitrogen-filled glove box, a 20 mL reaction vial was charged with 5.4 g of mercury 
and 5 mL of THF. To it, 0.021 g (0.536 mmol) of freshly cut metallic potassium was added 
and stirred for 30 min to form a clear potassium amalgam solution. To the solution, 0.095 
g (0.107 mmol) of 13 in 10 mL of THF was slowly added and the mixture was allowed to 
stir at 25 °C for 15 h. The resulting red solution was filtered through Celite and the solvent 
was removed in vacuo. After washing with pentane and drying, 0.048 g (0.070 mmol, 65%) 
of a red solid identified as 14 was isolated. Single crystals suitable for X-ray diffraction 
were grown from a concentrated THF solution at -35 °C. 1H NMR (benzene-d6, 400 MHz): 
 7.52 (m, 4H, Ph), 7.03 (t, 8.0 Hz, 4H, Ph), 6.96 (m, 6H, Ph), 6.92 (t, 6.0 Hz, 2H, Ph), 
6.86 (m, 4H, Ph), 4.44 (t, 9.6 Hz, 2H, NCH2), 4.10 (d, 9.6 Hz, 2H, NCH2), 2.83 (td, 11.2 
Hz, 2H, CH2), 2.18 (m, 2H, CH2), 1.89 (m, 2H, CH2), 1.52 (s, 6H, CH3), 1.36 (m, 2H, CH2). 
13C NMR (benzene-d6, 100.49 MHz):  150.0 (C=N), 136.8 (Ph), 133.8 (Ph), 133.4 (t, JCP 
= 6.8 Hz, Ph), 131.9 (t, JCP = 5.5 Hz, Ph), 128.98 (d, JCP = 10.0 Hz, Ph), 128.4 (t, JCP = 4.0 
Hz, Ph), 127.9 (Ph), 52.2 (NCH2), 28.4 (CH2CH2P), 24.3 (t, JCP = 8.0 Hz, CH2CH2P), 14.2 
(CH3). 
31P NMR (benzene-d6, 161.78 MHz): 46.0 (PPh2). IR (KBr): NN = 1980 and 1895 
cm-1. 
5.6.5. Synthesis of (Ph2PPrDI)Mo(CO)2 (15) 
Method 1. In a nitrogen-filled glove box, a J. Young NMR tube was charged with 0.010 
g (0.0145 mmol) of 14 dissolved in 0.7 mL of benzene-d6. The tube was frozen at 0 °C, 
degassed, and 1 atm of CO2 was added. After 26 h, complete formation of a new compound 
identified as 15 was observed by multinuclear NMR spectroscopy. Upon removal of excess 
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CO2 and solvent, 0.0085 g (0.012 mmol, 85%) of a bluish-purple solid identified as 15 was 
isolated. Method 2. In a nitrogen-filled glove box, a 100 mL thick-walled reaction vessel 
equipped with a magnetic stir bar was charged with 0.040 g (0.151 mmol) of Mo(CO)6 and 
0.081 g (0.151 mmol) of Ph2PPrDI dissolved in 10 mL toluene. The sealed bomb was frozen 
in liquid nitrogen and degassed on a Schlenk line before being refluxed at 110 °C in a 
preheated oil bath. After 24 h, the bluish-purple reaction mixture was allowed to cool to 
room temperature and was once again degassed on the Schlenk line. Once the liberated CO 
gas was removed, the reaction was allowed to reflux for another 24 h at 110 °C to ensure 
reaction completion. After removing CO in the same way, the bomb was brought inside 
the glove box and the solution was filtered through Celite. After removing the volatiles 
under vacuum, the product was washed with 5 mL cold pentane and dried under vacuum 
to yield 0.101 g (0.147 mmol, 97%) of a bluish-purple solid identified as 15. Single crystals 
suitable for X-ray diffraction were grown from a concentrated ether solution at -35 °C. 
Anal. calcd. for C36H38N2MoO2P2: Calcd. C, 62.79%; H, 5.56%; N, 4.07%. Found: C, 
62.52%, H, 5.54%, N, 3.89%. 1H NMR (benzene-d6, 400 MHz):  7.80 (m, 3H, Ph), 7.16 
(overlap with C6D6, 4H, Ph), 7.04 (m, 7H, Ph), 6.96 (m, 6H, Ph), 4.49 (t, 12.4 Hz, 2H, 
NCH2), 4.03 (d, 12.0 Hz, 2H, NCH2), 2.69 (td, 15.2 Hz, 2H, CH2), 1.95 (m, 2H, CH2), 1.36 
(m, 8H, CH3, CH2). 
13C NMR (benzene-d6, 100.49 MHz):  246.1 (CO), 151.8 (C=N), 
135.1 (Ph), 133.4 (t, JCP = 22.4 Hz, Ph), 132.3 (t, JCP = 17.6 Hz, Ph), 128.9 (d, JCP = 22.6 
Hz, Ph), 128.3 (Ph), 128.0 (Ph), 127.7 (t, JCP = 3.6 Hz, Ph), 56.7 (NCH2), 29.4 (m, CH2), 
28.9 (m, CH2), 14.3 (CH3). 
31P NMR (benzene-d6, 161.78 MHz): 57.9 (PPh2). IR (KBr): 
CO = 1845 and 1760 cm-1.  
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APPENDIX A 
UNPUBLISHED BIS(IMINO)PYRIDINE MOLYBDENUM CHEMISTRY 
A.1. Preparation of (PyEtPDI)MoOCl2 
A 20 mL reaction vial was charged with 0.105 g (0.252 mmol) of Mo(THF)3Cl3
1 and 5 
mL of THF. To it, 0.095 g (0.256 mmol) of PyEtPDI2 and 0.040 g (0.333 mmol) of styrene 
oxide were added dropwise while stirring. Instantaneous color change from orange to blue 
was observed. After 24 h, the blue solution was filtered through Celite and dried under 
vacuum. After washing with pentane, 0.075 g (0.135 mmol) of a bluish-purple solid was 
isolated (54%). Recrystallized from benzene/pentane solution. 1H NMR (benzene-d6, 400 
MHz):  8.33 (d, 4.8 Hz, 2H, Py), 7.37 (d, 8.0 Hz, 2H, Py), 6.97 (t, 7.2 Hz, 2H, Py), 6.53 
(d, 6.4 Hz, 2H, Py), 5.80 (t, 8 Hz, 1H, Py), 4.52 (d, 8.0 Hz, 2H, Py), 3.97 (t, 7.6 Hz, 4H, 
CH2), 3.63 (t, 7.2 Hz, 4H, CH2), 1.09 (s, 6H, CH3). 
 
Figure A.1. 1H NMR of (PyEtPDI)MoOCl2 in benzene-d6. 
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A.2. Preparation of [(Ph2PPrPDI)MoCl2][Cl] using Mo(THF)3Cl3 
A 20 mL reaction vial was charged with 0.204 g (0.488 mmol) of Mo(THF)3Cl3
1 and 5 
mL of THF. To it, 0.295 g (0.481 mmol) of Ph2PPrPDI3 in 15 mL THF was added dropwise 
while stirring. Instantaneous color change from orange to amber was observed. After 24 h, 
the amber solid was isolated on top of a sintered frit and dried under vacuum. After washing 
with THF, 0.324 g (0.397 mmol) of amber solid was isolated (81%). Suitable crystals for 
X-ray diffraction were grown from CHCl3/toluene.  
 
Figure A.2. 31P NMR spectrum of [(Ph2PPrPDI)MoCl2][Cl] in chloroform-d. 
 
Figure A.3. Single crystal structure of [(Ph2PPrPDI)MoCl2][Cl]. 
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A.3. Molecular Structure of (6-N,N,N,P,P,C-Ph2PPrPDI)MoCl 
 
Figure A.4. Single crystal structure of (6-N,N,N,P,P,C-Ph2PPrPDI)MoCl. 
A.4. Molecular Structure of [(Ph2PPrPDI)Mo(H2O)][CO3] 
 
Figure A.5. Single crystal structure of [(Ph2PPrPDI)Mo(H2O)][CO3]. 
 
187 
 
A.5. Preparation of (Ph2PPrPDI)Mo(CH2=CH2) 
Method A. In a nitrogen filled glove box, a 100 mL reaction bomb was charged with 4.2 
g of mercury and 5 mL of THF. To it, 0.016 g (0.410 mmol) of freshly cut metallic 
potassium was added and stirred for 30 min to form a clear potassium amalgam solution. 
To the solution, 0.080 g (0.083 mmol) of 44 in 10 mL of THF was slowly added. The 
mixture was degassed on a Schlenk line at -196 °C before adding 1 atm of ethylene gas. 
The mixture was allowed to stir at 25 °C for 24 h. After removing excess ethylene, the 
resulting red solution was filtered through Celite and the solvent was removed in vacuo to 
yield a red solid. After washing with pentane and drying, 0.055 g (0.075 mmol, 90%) of 
(Ph2PPrPDI)Mo(C2H4) was isolated. Method B. A J. Young NMR tube was charged with 
0.010 g (0.0141 mmol) of 54 and 0.7 mL benzene-d6. After degassing the tube in Schlenk 
line, 1 atm of ethylene gas was added at 0 °C. After heating the tube at 65 °C for 15 min, 
complete conversion to a red compound, identified as (Ph2PPrPDI)Mo(C2H4) was observed 
by multinuclear NMR spectroscopy. Single crystals suitable for X-ray diffraction were 
grown from a concentrated THF solution at -35 °C. 1H NMR (benzene-d6, 400 MHz):  
7.21 (m, 4H, Ph), 7.02 (t, 6.0 Hz, 7H, Ph), 6.93 (t, 6.0 Hz, 2H, Ph), 6.59 (t, 6.0 Hz, 2H, 
Ph), 6.49 (t, 6.0 Hz, 4H, Ph), 5.80 (t, 7.6 Hz, 2H, Ph), 5.71 (m, 4H, CH2=CH2), 5.14 (d, 
8.8 Hz, 2H, Ph), 2.66 (s, 6H, CH3), 2.55 (m, 4H, CH2), 2.38 (m, 2H, CH2), 2.11 (m, 2H, 
CH2), 1.78 (m, 4H, CH2). 
31P NMR (benzene-d6, 161.78 MHz): 24.65 (PPh2). 
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Figure A.6. 1H NMR spectrum of (Ph2PPrPDI)Mo(CH2=CH2) in benzene-d6. 
 
Figure A.7. 31P NMR spectrum of (Ph2PPrPDI)Mo(CH2=CH2) in benzene-d6. 
 
Figure A.8. Single crystal structure of (Ph2PPrPDI)Mo(CH2=CH2). 
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A.6. Preparation of (Ph2PEtPDI)MoCO 
In a nitrogen filled glove box, a 100 mL thick-walled reaction vessel equipped with a 
magnetic stir bar was charged with 0.035 g (0.132 mmol) of Mo(CO)6 and 0.077 g (0.132 
mmol) of Ph2PEtPDI3 dissolved in 10 mL toluene. The sealed bomb was frozen in liquid 
nitrogen and degassed on a Schlenk line before being refluxed at 110 °C in a preheated oil 
bath. After 24 h, the green reaction mixture was cooled at room temperature and was once 
again degassed on the Schlenk line. Once the liberated CO gas was removed, the reaction 
was allowed to reflux for another 24 h at 110 °C to ensure reaction completion. After 
removing CO in the same way, the bomb was brought inside the glove box and the solution 
was filtered through Celite. After removing the volatiles under vacuum, the product was 
washed with 5 mL cold pentane and dried under vacuum to yield 0.090 g (0.126 mmol, 
95%) of a green solid identified as (Ph2PEtPDI)MoCO. Single crystals suitable for X-ray 
diffraction can be grown from a concentrated ether solution at -35 °C. 1H NMR (benzene-
d6, 400 MHz):  7.67 (d, 8.0 Hz, 2H, Py), 7.08 (br, 4H, Ph), 6.97 (t, 6.0 Hz, 1H, Py), 6.80-
6.72 (m, 16H, Ph), 4.76 (br, 2H, CH2), 3.92 (br 2H, CH2), 3.35 (br, 2H, CH2), 2.89 (br, 2H, 
CH2), 2.04 (s, 6H, CH3). 
31P NMR (benzene-d6, 161.78 MHz): 74.84 (PPh2). 
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Figure A.9. 1H NMR spectrum of (Ph2PEtPDI)Mo(CO) in benzene-d6. 
 
Figure A.10. 31P NMR spectrum of (Ph2PEtPDI)Mo(CO) in benzene-d6. 
A.7. Synthesis of iPrAr,Ph2PPrPDI 
A 100 mL reaction bomb was charged with 0.215 g of 2-(2,6-diisopropyl-1-imino)phenyl-
6-acetylpyridine, 0.005 g of p-toluenesulfonic acid, 100 g of molecular sieves, and 5 mL 
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of toluene. After stirring the mixture for 5 min, a 10 mL toluene solution of 0.163 g of 3-
aminopropyl diphenyl phosphine was added. The bomb was sealed under nitrogen and 
allowed to reflux at 110 °C for 3 d. The light yellow solution was cooled to room 
temperature and filtered through Celite and the filtrate was dried under vacuum. A light 
yellow solution was extracted with ether and dried to obtain 0.260 g of yellow solid (70%). 
 
Figure A.11. 1H NMR spectrum of iprAr,Ph2PPrPDI in benzene-d6. 
 
Figure A.12. 31P NMR spectrum of iprAr,Ph2PPrPDI in benzene-d6. 
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APPENDIX B 
UNPUBLISHED BIS(IMINO)PYRIDINE COBALT CHEMISTRY 
B.1. Preparation of (PyEtPDI)CoCl2 
A 20 mL reaction vial was charged with 0.15 g (1.155 mmol) CoCl2 and 10 mL THF. To 
it, 0.43 g (1.155 mmol) of PyEtPDI2 in 5 mL THF was added while stirring. After 10 h, the 
olive-green solid was filtered on top of a sintered glass frit and washed with 5 mL of ether 
and dried under vacuum to obtain 0.55 g (1.098 mmol, 95%) of a light green solid identified 
as (PyEtPDI)CoCl2.  
 
Figure B.1. 1H NMR spectrum of (PyEtPDI)CoCl2 in chloroform-d. 
B.2. Preparation of (PyEtPDIH)Co 
Method A. A 20 mL reaction vial was charged with 0.200 g (0.399 mmol) of 
(PyEtPDI)CoCl2 and 10 mL toluene and the mixture was cooled to -196 °C. To it, 0.800 
mL of 1.0 M toluene solution of NaEt3BH in 5 mL of toluene was slowly added while 
stirring. A color change to bluish-green was observed immediately. After 8 h, the reaction 
mixture was filtered through Celite and dried under vacuum to obtained 0.120 g (0.279 
mmol, 69%) of bluish-green solid, identified as (PyEtPDIH)Co. Method B. A 20 mL 
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reaction vial was charged with 3.98 g of Hg, 0.023 g of Na, and 3 mL of THF. After stirring 
for 15 min, 0.100 g (0.199 mmol) of (PyEtPDI)CoCl2 was added and the mixture was 
allowed to stir for 15 h. The bluish-green solution was filtered through Celite and dried 
under vacuum to obtain 0.056 g (0.130 mmol, 65%) of bluish-green solid, identified as 
(PyEtPDIH)Co. Single crystals suitable for X-ray diffraction were grown from a 
concentrated ether solution at -35 °C. (Note: This complex is active for hydrosilylation and 
hydroboration of alkynes and carbonyls). 
 
Figure B.2. 1H NMR spectrum of (PyEtPDIH)Co in benzene-d6. 
 
Figure B.3. Single crystal structure of (PyEtPDI-H)Co. 
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APPENDIX C 
UNPUBLISHED BIS(IMINO)PYRIDINE AND DIIMINE IRON CHEMISTRY 
C.1. Preparation of (PyEtPDI)FeBr2 
A 20 mL reaction vial was charged with 0.200 g (0.950 mmol) of FeBr2 and 10 mL 
THF. To it, 0.345 g (0.950 mmol) of PyEtPDI2 in 5 mL THF was added while stirring. After 
10 h, the blue solid was filtered on top of a sintered glass frit and washed with 5 mL of 
THF and dried under vacuum to obtain 0.545 g (0.931 mmol, 98%) purple solid, identified 
as (PyEtPDI)FeBr2. 
C.2. Preparation of (PyEtPDI)Fe 
A 20 mL reaction vial was charged with 3.92 g of Hg, 0.024 g of Na, and 3 mL of THF. 
After stirring for 15 min, 0.118 g (0.201 mmol) of (PyEtPDI)FeBr2 was added and the 
mixture was allowed to stir for 7d. The bluish-green solution was filtered through Celite 
and dried under vacuum to obtain 0.057 g (0.133 mmol, 66%) of bluish-green solid, 
identified as (PyEtPDI)Fe. 1H NMR (benzene-d6, 400 MHz):  9.05 (d, 7.6 Hz, 2H, Py), 
7.58 (t, 7.6 Hz, 1H, Py), 7.54 (d, 5.6 Hz, 2H, Py), 6.53 (m, 4H, Py), 5.50 (t, 4.4 Hz, 2H, 
Py), 4.05 (td, 2H, CH2), 3.58 (dd, 2H, CH2), 3.34 (td, 2H. CH2), 2.93 (d, 8.8 Hz, 2H, CH2), 
1.52 (s, 6H, CH3). (Note: This complex is active for hydrosilylation and hydroboration of 
alkynes and carbonyls). 
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Figure C.1. 1H NMR spectrum of (PyEtPDI)Fe in benzene-d6. 
C.3. Preparation of PhPPr2PDI 
A 100 mL reaction bomb was charged with 0.303 g of 2,6-diacetylpyridine, 0.006 g of 
p-toluenesulfonic acid, 100 g of molecular sieves, and 5 mL of toluene. After stirring the 
mixture for 5 min, a 10 mL toluene solution of bis(3-aminopropyl)phenyl phosphine was 
added. The bomb was sealed under nitrogen and allowed to reflux at 110 °C for 3 d. The 
light yellow solution was cooled to room temperature and filtered through Celite and the 
filtrate was dried under vacuum. A light yellow solution was extracted with ether and dried 
to obtain 0.503 g of yellow foam (77%). 
 
Figure C.2. 1H NMR spectrum of PhPPr2PDI in benzene-d6. 
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Figure C.3. 13C NMR spectrum of PhPPr2PDI in benzene-d6. 
 
Figure C.4. 31P NMR spectrum of PhPPr2PDI in benzene-d6. 
C.4. Preparation of (PhPPr2PDI)FeBr2 
A 20 mL reaction vial was charged with 0.207 g (0.960 mmol) of FeBr2 and 10 mL 
THF. To it, 0.360 g (0.96 mmol) of PhPPr2PDI in 5 mL THF was added while stirring. After 
10 h, the purple solid was filtered on top of a sintered glass frit and washed with 5 mL of 
THF and dried under vacuum to obtain 0.470 g (0.83 mmol, 86%) purple solid, identified 
as (PhPPr2PDI)FeBr2. (Insoluble in most NMR solvents). 
C.5. Reduction of (PhPPr2PDI)FeBr2 
A 20 mL reaction vial was charged with 4.00 g of Hg, 0.020 g of Na, and 3 mL of THF. 
After stirring for 15 min, 0.005 mL of cyclooctatetraene was added and stirred for another 
5 min followed by addition of 0.100 g (0.176 mmol) of (PhPPr2PDI)FeBr2. The mixture 
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was allowed to stir for 24 h. The brownish-green solution was filtered through Celite and 
dried under vacuum to obtain 0.029 g (0.071 mmol, 40%) of brownish-green solid. 
 
 
Figure C.5. 1H NMR spectrum of PhPPr2PDI in benzene-d6. 
 
Figure C.6. 31P NMR spectrum of PhPPr2PDI in benzene-d6. 
C.6. Preparation of (Ph2PPrDI)Fe(OTf)2 
A 20 mL reaction vial was charged with 0.100 g (0.120 mmol) of Ph2PPrDIFeBr2
5 and 10 
mL acetonitrile. After wrapping the vial with black-electric tape, 0.060 g (0.241 mmol) of 
AgOTf in 5 mL of acetonitrile was slowly added while stirring. The sealed vial was allowed 
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to heat at 60 °C. A color change to purple to reddish-orange was observed. After 4 h, the 
reaction mixture was cooled to room temperature and filtered through Celite and dried 
under vacuum to obtained 0.104 g (0.108 mmol, 90%) of red solid, identified as 
(Ph2PPrDI)Fe(OTf)2. (Note: This complex is an active water oxidation catalysts using pH=1 
solution in trifluoroethanol with the onset at 0.6 V vs Fc0/+). 
 
Figure C.7. 1H NMR spectrum of (Ph2PPrDI)Fe(OTf)2 in acetonitrile-d3. 
 
Figure C.8. 31P NMR spectrum of (Ph2PPrDI)Fe(OTf)2 in acetonitrile-d3. 
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